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GENERAL INTRODUCTION 
The involvement of ribosomes in protein synthesis has been known since 
the early work by Zamecnik and his coworkers (Littlefield e^ , 1955), 
who first established that the microsome fraction is essential for poly­
peptide synthesis. It soon became clear that the ribosome is a complex 
ribonucleoprotein organelle that acts as an organizing center on which 
other components of the protein synthesizing apparatus are brought together 
in precisely controlled spatial relationships and coordinated sequences. 
A complete understanding of the ordered mechanism of protein biosynthesis 
and the function of the ribosome during this process requires a knowledge 
of the structure and organization of the ribosome particle. 
The mechanism of protein synthesis in bacterial ribosomes has been 
described in great detail in several recent reviews (Lengyel and Sttll, 
1969; Lucas-Lenard and Lipmann, 1971; Haselkorn and Rothman-Denes, 1973). 
A general parallel exists between prokaryotic and eukaryotlc protein 
synthesis (Lucas-Lenard and Lipmann, 1971). A "simplified" flow diagram 
of the sequence of events leading to the synthesis of a polypeptide chain 
in eukaryotic organisms is presented in Figure 1. This scheme illustrates 
the three distinct phases of protein synthesis; initiation, elongation 
and termination. 
Initiation begins with a naked 40S subunit, either derived by dis­
sociation of 80S units in polysomes following chain termination or newly 
assembled from ribosomal RNA and ribosomal proteins. There are three 
factors responsible for initiation of protein synthesis in rabbit 
Figure 1. Diagram of protein synthesis in eukaryotes. IF-1, 
IF-2 and IF-3 are initiation factors; EF-1 and 
EF-2 are elongation factors; RF is a termination 
factor; met-tRNAj, is methionyl transfer ribonucleic 
acidp. The two sites "A site" (acceptor site) and 
"D site" (donor site) designates nonreactivity 
and reactivity with puromycin respectively 
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reticulocytes: IF-1 (Ml), IF-2 (M2A, M2B) and IF-3 (M3). The role of 
each of these protein factors is not at all clear due to the limited 
success in purifying and characterizing these factors. IF-3 appears to be 
required for the binding of messenger RNA (Crystal and Anderson, 1972) 
and prevents the association of the 40S and 60S ribosome subunits. IF-2 
(M2) is needed for AUG-dependent binding of met-tRNA^ to washed ribosomes. 
A ribosomal-dependent GTPase activity is associated with one of the two 
components of IF-2, M2A (Shafritz eiL , 1971). The role of IF-1 
appears to pro&ote the dissociation of IF-2 from the initiation complex. 
The joining of the 60S subunit to the initiation complex and the proper 
positioning of the met-tRNAp along with the appropriate mRNA codon to the 
donor site are necessary to prepare the ribosomes for peptide chain 
elongation. 
The elongation phase is composed of three consecutive steps: (1) 
codon directed binding of aminoacyl-tRNA, (2) peptide bond formation and 
(3) translocation. Binding of aminoacyl-tRNA to ribosomes to the acceptor 
site is mediated by EF-1, the binding enzyme, and GTP. Attempts to obtain 
ternary complexes such as that which exist in prokaryote systems involving 
mammalian EF-1, GTP and aminoacyl-tRNA have only been partially successful 
(VJeissbach et al., 1973; Ravel et al., 1973). The specific step or peptide 
bond formation is catalyzed by the peptidyl transferase center, which is 
an integral part of the large ribosomal subunit of prokaryotes. It may 
function similarly in eukaryotes although there is no evidence for this. 
The translocation step requires EF-2, the translocase, and involves move­
ment of the peptidyl-tRNA from the acceptor site to the donor site, 
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coupled GTP hydrolysis, movement of the mRNA by one codon relative to 
these sites and release of the deacylated tRNA. Recent experiments in 
prokaryotes indicate a common or overlapping site for the attachment of 
the aminoacy 1-tRNA-Tu-GTP complex and G factor (Cabrer e]t , 1972; 
Richman and Bodley, 1972). Collins and his coworkers also found that 
EF-2 bound to 80S ribosomes inhibits the EF-1 dependent binding of 
aminoacyl-tRNA (Collins et al., 1972). The overlapping of the sites may 
reflect the physical exclusion of binding of these factors one upon the 
other. Another possibility for this mutual exclusion may be due to a con­
formational change of the ribosome from one stage to another. The over­
lapping of the sites of action of EF-1 and EF-2 may indicate some linkage 
between the function of GTP in aminoacyl-tRNA binding and in translocation. 
The process of termination especially in eukaryotes is obscure. 
Genetic experiments indicate that the codons UAA, UAG and UGA could signal 
terinxnafcion oi ufôLêiû syuuûêsis in pvokaryotcS. Tlie urêsêncé of one of 
these nonsense codons in the reading frame corresponding to the ribosomal 
acceptor site signals the attachment of one of the release factors R^ or 
Rg. This activates peptidyl transferase, which then hydrolyzes the ester 
linkage between the polypeptide and the tRNA bound at the donor site 
(Caskey et al., 1971). Experiments in eukaryotic systems indicate tetra-
nucleotides UAAA, UAGA and UGAA are used as terminators rather than 
trinucleotides (Beaudet and Caskey, 1971). A single protein responds to 
all three codons and GTP is required in termination of eukaryotes. 
The binding of the supernatant factors for chain initiation, elonga­
tion and termination may induce a conformation change preparing the 
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rlbosome for a particular step in the peptide bond forming cycle. Such 
structural transformations during protein synthesis have been substantiated 
by measurements of the physical properties of the ribosomes during 
different stages (Schreier and Noll, 1971; Vournakis and Rich, 1971). For 
example, when pretranslational ribosomes carrying acetyldiphenylalanyl-
tRNA in the aminoacyl site were incubated with G factor and GTP, trans­
location occurred, with a concomitant increase in hydrogen exchange rate 
of 6.6% and a decrease in sedimentation constant of 3S. When post-
translational ribosomes were cycled back to the pretranslocational state 
by T factor, GTP and phenylalanyl-tRNA, the sedimentation constant re­
verted to the original value of 72S (ehuang and Simpson, 1971). 
Although the above general scheme of protein synthesis has been 
elucidated during the last 15 years, until recently little work has been 
done to understand the active role of the rlbosome during this process. 
This hàB mainly been due to the structural complexity of ribosomes. 
Waller (1964) showed that bacterial ribosomes contain many different pro­
teins instead of several copies each of a few proteins. The major diffi­
culty in isolating and characterizing these pure ribosomal proteins lies 
not only in the large number of proteins but also in the rather similar 
chemical and physical properties that they share. Tnert: also exists a 
problem in the definition of a ribosomal protein, i.e. the distinction 
between "real" ribosomal proteins and proteins such as the various factors, 
which attach to the ribosomes for only part of the protein synthesis pep­
tide bond forming cycle. The current definition of ribosomal proteins 
is based on removal of attached supernatant proteins from the ribosomal 
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particle by washing the particles with a high salt solution (Kurland, 
1972). Such ribosomes are active in the various vitro protein synthetic 
activities if the appropriate supernatant factors are added. 
Recently, a two-dimensional electrophoretic system has been developed 
for the complete separation and identification of E, coli ribosomal 
proteins (Kaltschmidt and Wittmann, 1970). With the isolation of pure 
ribosomal proteins, it is possible to study the chemical, physical and 
immunological properties of these proteins and begin assigning functions 
and structural interrelations to individual proteins. Structural studies 
of mammalian ribosomal proteins lag far behind that of jE. coli due to the 
difficulty of separating active 40S and 60S subunits free of cross-
contamination. This has been achieved recently in several laboratories 
(Martin and Wool, 1968; Blobel and Sabatini, 1971). Two-dimensional 
electrophoresis similar to that of coli has also been performed with 
cukatyutic ribosomal prctcinc (Shorten and Wool, 1972; H\:ynh-Van-Tar. et «1 •. , 
1974). There is still controversy over the exact number of proteins in 
each of the subunits which may be due to the different sources of the 
ribosomes and the various treatments of the ribosomes to obtain the sub-
units. For example, Bielka and Welfle (1968) have shown that ribosomal 
proteins from different tissues of the rat (liver and kidney) are similar 
but that liver ribosomal proteins from different species of animals (hen, 
pig, cow, mouse, rat) are different. Chemical analysis of eukaryotic 
ribosomal proteins has not been done because of the large quantities of 
purified material involved. 
The following discussion on the structure of ribosome is based on the 
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findings in prokaryotes, since most of the work on ribosomal proteins has 
been done using prokaryotes, especially coli. The purity and identity 
of the isolated proteins from the 30S and 50S subunits by various methods 
were tested by two-dimensional polyacrylamide gel electrophoresis and 
immunological cross-reaction. It was shown by both methods that the 30S 
subunit contains 21 proteins and that the 50S subunit contains 34 proteins 
(Wittmann et , 1971). These ribosomal proteins (except SI which has 
a molecular weight of 65000) have molecular weights ranging from 10000 
to 30000 daltons (Craven et al., 1969a; Dzionara et al., 1970). As was 
expected from their electrophoretic mobilities most ribosomal proteins 
are very rich in lysine and/or arginine. Some of the proteins contain 
25 to 35% of these two amino acids (Kaltschmidt et , 1970). Further 
peptide maps of trypsin digested ribosomal proteins (Peeters et , 1971) 
show that there are no extensive structural homologies among the proteins. 
Tl'ie only exception is that of L7 and L12 where L7 has an acetylated N-
terminal serine and L12 exists in the nonacetylated form. This finding is 
in good agreement with the results from the studies on the sequence 
homologies among ribosomal proteins by immunological methods (StcJffler 
and Wittmann, 1971a,b). 
The number of eukaryotic ribosomal proteins is still unclear. The 
number reported by various laboratories ranges from 26 to 33 for the 408 
subunit and 37 to 46 for the 60S subunit (Huynh-Van-Tan et al., 1974). 
Molecular weight measurements of these ribosomal proteins were done by 
3DS electrophoesia (Chatterjee al., 1973) and they range from 8500 to 
40500 for the proteins of the 40S subunit and 9600 to 54000 for the 
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proteins of the 60S subunit. 
Knowledge of the structural organization of the ribosomal particle 
is a necessary precondition for understanding how the ribosome functions 
at the molecular level. The most direct approach is by X-ray diffraction 
analyses of suitable crystals of ribosomes. Since it is impossible to 
obtain such crystals at present, several more indirect methods have been 
used to investigate the topography of the ribosome. 
Electron microscopy studies indicate an asymmetric "cap"-shaped 30S 
subunit and a round 50S subunit with a groove between them (Hall and 
Slayter, 1959; Huxley and Zubay, 1960). Projections from the surface of 
the 50S subunit have been detected (Lubin, 1968). Reported dimensions 
of the subunits from different laboratories are in disagreement (Huxley 
and Zubay, 1960; Hart, 1962). This is partly due to the distortion of the 
structures and dehydration of the ribosome during fixing and staining for 
/ a  1  r s / N n  r n - f  r « ' r * » ^ o  o / ^ r \ T r  
X-ray scattering studies (Hill ^  ^1., 1969) of coli ribosomal 
subunits can be summarized as follows: (1) The 30S particle (0.9 x 10^ 
dalton) can be regarded as an ellipsoid with the dimensions 56 x 224 
X 224 R. (2) The 50S particle (1.55 x 10^ dalton) is an ellipsoid of 
115 X 230 X 230 &. The density distribution is rather uniform within the 
30S and 50S particle which suggests that there is no preferential packing 
of either the RNA or protein components on the inside or outside of the 
ribosome. 
Similar structural studies on eukaryotic ribosoraes have been initiated 
(Byers, 1967; Morimoto e^ al., 1972) using a new method of inducing 
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ribosome crystal growth by cooling chicken embryos in ovo. Such studies 
indicate that the 40S subunit is a prolate-shaped body (230 x 140 x 115 &) 
divided into two regions of unequal size by a partition, I'hich appears as 
a dense line across the 40S in electron micrographs. The 60S is a more 
symmetrical particle (diameter about 220 &) with a flattened face which 
binds to the small subunit. A channel running across this face similar to 
the groove observed in coll 50S subunit is also obtained. 
Another method of studying ribosomal structure is the stepwise re­
moval of proteins by salts and enzymes. When 70S ribosomes or their sub-
units are treated with increasing concentrations of salts, e.g., LiCl or 
CsCl, proteins are split off from the particles in distinct groups 
(Meselson et al., 1964; Staehelin et al., 1969). It is possible to identify 
the "split-proteins" and the "core-proteins" by 2-D electrophoresis. In­
dividual split proteins can be added to the "core" particle or intact 
ixuu&fuiiic dilu J. uiLL. uxuiiax auuxvxLy VI. ciic ixuuowmc \»aii uc ucoucu# 
method it is possible to determine which proteins are necessary for a par­
ticular activity of the ribosome, ThuSj it has been shown that SI is re­
quired for the binding of poly U to 30S subunits ("Van Duin and Kurland, 1970). 
Order of assembly is important for the reconstitution process. Complica­
tions may arise due to cooperative interactions between different com­
ponents making functional contributions of individual proteins difficult 
to access. Using this method, Randall-Hazelbauer and Kurland (1972) 
demonstrated that proteins S2, S3, S14 act cooperatively to stimulate 
the tRNA binding capacity of the ribosome. Addition of a mixture of these 
three proteins to the 30S particle stimulates T-factor dependent binding 
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of amlnoacyl-tRNA and has no effect on poly U binding. 
A similar removal of proteins from the 30S and 50S particles is ob­
served by enzymatic digestion with trypsin. The approximate order of 
digestion of proteins and hence an estimate of the relative accessibility 
of the proteins on the ribosomal subunit can be established (Ostner and 
Hultin, 1968; Chang and Flaks, 1970; Crichton and Wittmann, 1971). How­
ever, protection might be due to either of two reasons. The protected 
proteins are in the interior of the ribosome where the enzyme cannot reach 
them. Tlie alternative is that the interactions between the protected 
proteins and the ribosomal RNA and/or other ribosomal proteins are such as 
to prevent the enzyme from acting on the susceptible sites of the protein. 
Prolonged digestion by tryppin left one protein on each UNA, namely S20 
on the 16S and L24 on the 23S RNA (Crichton and Wittmann, 1971). Both 
proteins are shown to bind to their respective rRNA and can be isolated as 
specific complexes together with a small piece of RNA after ribonuclease 
digestion (Crichton and Wittmann, 1973; Muto et , 1974). 
Chemical modification of ribosomal proteins is another tool for 
studying the accessibility of ribosomal proteins to external agents. Here 
various reagents specific to certain amino acid functional groups are used 
to react with intact 70S ribosomes as well as the 50S subunits and the 30b 
subunits individually and identify the reacted proteins by 2-D electropho­
resis. Loss of certain functional activities of the ribosome can also be 
identified with the reacted proteins. Functional sulfhydryl groups have 
been identified using various thiol reagents (Craven and Gupta, 1970). For 
example, Moore (1971) has identified S18 to be responsible for the loss of 
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mRNA binding ability of the ribosome when treated with N-ethylmaleimide. 
Amino group specific reagents (formaldehyde, fluorodinitrobenzene), and a 
reagent with affinities for tyrosine as well as cysteine (tetranitrome-
thane) have been used to inactivate ribosomes (Moore, 1966; Craven et al., 
1969b; Craven and Gupta, 1970). Craven and his coworkers showed that 
ribosomes treated with tetranltromethane lose their ability to bind poly U 
and tRNA. These treated ribosomes can be restored to activity by adding 
proteins S18 and S21, Fluorescein isothiocyanate reacts with the 30S and 
50S subunits producing fluorescent derivatives (probably of oamino groups) 
of proteins SI, S3, S4, S21 and LIO, Lll, L24 identified via 2-D gel 
electrophoresis (Huang and Cantor, 1971; Hsiung and Cantor, 1973). How­
ever, protein modification by chemical reagents is likely to result in 
modification of several different components and as in the case of 
enzymatic digestion, lack of modification does not necessarily imply in­
accessibility. Despite rhp firawhacks. out of the accumulated knowledge 
from such experiments some indications as to the structure of the ribosome 
may come. 
Photoreactive affinity labeling has been used to investigate the 
aminoacyl-tRNA binding sites on the 508 subunit. In one report 
(Czernilovsky and Kuechler, 1972) phenylalanyl-tRNA was modified at the 
amino acid with a reactive and radioisotopically labeled p-nitrophenyl 
carbamyl group. This was bound to the 508 subunit in the presence of 
poly U. After ribonuclease digestion of the tRNA, radioactive label was 
found in two bands in 1-D gel electrophoresis (L27 and L15). Using the 
radioactively labeled peptidyl-tRHA analog, bromoacetylphenylaianyl-tRNA, 
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Cantor and his coworkers identified proteins L2 and L26-27 to be involved 
in the P site of the ribosome (Oen et al., 1973). 
Recently, topographical studies on the ribosome have been directed 
toward cross-linking ribosomal proteins. Ribosomes can be treated with 
bifunctional reagents and the neighboring proteins crosslinked ^  situ. 
Thus, Craven et , (1969b) have shown that the proteins extracted from 
ribosomes exposed to tetranitromethane are deficient in the electrophoretic 
components corresponding to S18 and S21. Using the bifunctional reagent 
phenyline-bis-maleimide, Lutter et , (1972) found that S18 and S21 
were missing from the gel pattern and a new component with a larger molecu-
3 
lar weight appeared. When 30S particles containing H-labelled S18 and 
^^C-labelled S21 were reconstituted and treated with the reagent, both 
radioactive labelled proteins were found in the new complex. Using the 
same detection method, but a different cross-linking reagent dimethyladi-
pimidate, the same group demonstrated the cross-linking of S5-S8 (Lutter 
et al., 1972). One major drawback of photoaffinity labelling and cross-
linking experiments is the yields of the cross-linked products are low and 
whether such protein pairs originate from functional or nonfunctional 
ribosomes i« unknown. From these type of studies, one can draw the con­
clusion that the two particular proteins are close together. If a loss 
of activity is associated with this cross-linking, then either one or both 
of these proteins has a functional group involved in that particular step 
of peptide bond formation or that perhaps the cross-linking does not 
allow the proper conformational changes to occur. A more helpful experi­
ment is to reconstitute the cross-linked protein pair into a 30S subunit 
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and test for functional activities. 
Due to the size of the antibodies, better information on the 
accessibility of the ribosomal proteins may be obtained by using specific 
antibodies against individual proteins. Reaction between the antibody 
and its specific site on the ribosomal protein may be more specific and 
complete than that of a chemical reagent. The bound antibody can be de­
tected by Immunopreclpitation, sucrose gradient and analytical ultracentrif-
ugation, Most of the above methods show that all the 30S proteins have 
at least some of their antigenic sites accessible for interaction with 
the corresponding antibody. Similar aggregates are formed with most of 
the specific antibodies for the 50S subunit proteins studied (unpublished 
results of StcJffler et al., as cited by Kurland. 1972). Using the hydrogen 
exchange method, Cotter and Gratzer (1971) concluded that about 30% of 
the exchangeable hydrogens on the protein exchanged extremely slowly, in-
^ *1 r* rr ^ f *-1^^ -#1-» 4 ^ 4^ f *.V. m 4 ^ ^ 
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and not accessible to exchange. Such findings are not necessarily contra­
dictory with the immunochemical results because an antigenic determinant 
may require a minimal size of only four amino acids (Sela, 1966). Thus 
binding of an antibody could be obtained if only a small part of a protein 
is available at the surface of the ribosome. 
Similar to the proteins, portions of the ribosomal RNA appear to be 
buried within the ribosome structure while other areas of the rRNA are 
accessible to external agents. Up to 30% of the RNA can be digested by 
rlbonucleases with very little change in the sedimentation coefficient 
indicating that extensive degradation of the rRNA does not lead to overall 
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disintegration of the ribosome structure (Cox, 1969). 
RNA-proteln Interactions may also be Important contributing factors 
to ribosomal conformation. Mlzushlma and Nomura (1970) first studied the 
binding of the single 30S proteins to 16S RNA under the 30S reconstitution 
conditions. It was shown that only two proteins, S4 and SB bound in­
dependently in a stoichiometry of one protein molecule per 16S RNA. S7, 
S13, S16 plus S17 and S20 bound very weakly. Cooperative binding effects 
were observed between some of the binding proteins. Two other methods have 
been developed to study such protein-RNA interactions. Using limited 
ribonuclease digestion of S4-16S RNA complexes, Schaup and Kurland (1972) 
obtained a protein-RNA fragment consisting of protein S4 and a mixture of 
RNA fragments with a total length of about 500 nucleotides. A different 
approach is to prepare some large fragments of 16S RNA by mild ribonuclease 
digestion. Proteins are added to such fragments and tested for binding 
(Zimmermann et al., 1974). The 12S RNA, a 900 nucleotide fragment derived 
from the 5'-terminal portion of the 16S RNA, was shown to form specific 
complexes with proteins 84, S8, S15 and S20. None of the proteins inter­
acted with the 600 nucleotide 8S fragment that came from the 3'-end of the 
16S RNA. Stëff1er et (1971) have extended their studies to the 
proteins of the 50S subunit. Binding tc 23S RNA was obtained for proteins 
L2, L6, L16, L17, L20, L23, and L24. Such binding was considered specific 
by the criterion of exclusive binding to 23S RNA in the presence of 16S 
RNA. Studies with 58 RNA showed that L6 and L18 or 118 and 125 can affect 
binding of the 58 RNA to 508 subunit (Gray et al., 1972). 
Reconstitution of ribosornes is the most direct approach to the study 
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of the functional role of ribosomal components and also to the mechanism 
of assembly. The reconstitution of functional 30S ribosomal subunits from 
16S rRNA and the twenty-one 30S ribosomal proteins of E. coll has been 
demonstrated vitro by Nomura and Traub (1968). The procedure consists 
of mixing either the single proteins or the total proteins with the 16S 
RNA under high salt conditions so that nonspecific electrostatic inter­
actions are minimized. The initial stage in the assembly process appears 
to require direct recognition of approximately six to eight ribosomal 
proteins (34, 37, 38, 39, 316 and S17) to specific and independent binding 
sites on the 163 RNA. A reconstitution intermediate consisting of about 
twelve proteins plus 163 RNA sedimentating at 213 was isolated but is 
functionally inactive. A heating step (40°C for 20 minutes) during which 
a structural rearrangement of the ribonucleoprotein intermediate occurs, 
is required prior to the binding of the remaining proteins to form a 
functional 303 particle. The reconstitution conditions of the 503 subunit 
of E. coli are different and more complicated than that for the 303 subunit. 
Maruta £t al., (1971) found that both 53 RNA and the 308 subunit are re­
quired for the assembly of functionally active 503 subunits. 
A comparision of the partially assembled ribosomal subunits formed 
both ^  vitro and vivo has provided some evidence that the vivo 
mechanism of ribosomal subunit assembly may resemble the ijn vitro 
mechanism. Ribosomal precursor particles which accumulated during the 
biosynthesis of subunits were isolated (Osawa et , 1969; Homann and 
Nierhaus, 1971). Two particles (213 and 263) were identified as pre­
cursors of 303 subunits and two others (325 and 43S) as those of the 508 
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subunit. By comparison of the protein compositions of these particles it 
was found that precursors are similar to core particles obtained by salt 
treatment. The proteins in the 21S biosynthetic precursor and the 21S 
reconsititutlon Intermediate are also similar (Homann and Nierhaus, 1971). 
The present study is concerned with the purification of active 
ribosomes from deoxycholate-washed ribosomes and the structural altera­
tions of both types of ribosomes consequent to their binding of mRNA and 
phenylalanyl-tRNA. A fluorescent sulfhydryl probe, N-(S-pyrene)-maleimide, 
is used in the Investigation of ribosomal structure. 
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EXPERIMENTAL PROCEDURES 
Materials 
Listed below are the chemicals used in this research and their 
commercial source. 
Chemical Source 
Creatine phosphate (A grade), 
creatine phosphokinase (A grade), 
Cleland's reagent, 5,5*-dithio-bis-
(2-nitrobenzoic acid), glutathione 
(reduced, A grade), g-mer cap to e thano 1 Calbiochem 
(1,4-^^C) maleic anhydride, specific 
activity 25 mC^/nmole Amersham/Searle 
Acrylamide, N,N'-methylene-
bisacrylamide, Photo-flo Eastman Kodak Co. 
Coomassie blue R250 Fisher Scientific 
Company 
Amberlite MB-3 Mallinckrodt 
Chemical Company 
Polyuridyllc acid Miles Laboratories 
Nitrocellulose filters .Mlllipore Corp. 
3 
N-ethyl maleimide (ethyl 2- H), 
specific activity 230 mC./mmole, 
Omni fluor, Protosol ^ New England 
Nuclear 
Puromycin dihydrochloride Nutritional Bio-
Chemical Corp. 
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Chemical (continued) Source (continued) 
BBOT, ^^C-toluene standard, 
3h-toluene standard Packard Instr. Co. 
Sephadex G-25, Sepharose 4B, 
Sepharose 6B Pharmacia Fine 
Chemicals 
Cab-O-Sil, dioxane (scintillation 
grade), naphthalene 
(scintillation grade) Research Products 
International, Ihc. 
Ammonium sulfate (enzyme grade), 
sucrose (enzyme grade), Tris 
^enzyme grade), B-yeast tRNA, 
14c-L-phenylalanine (Stan Star), 
specific activity 50 mC^/mmole Schwarz/Mann 
Albumin (bovine), S-aminopyrene, 
protamine sulfate (salmon, grade 1) = Sigma Chemical Co. 
Solutions 
Enzymic binding buffer (1/6 KTM#2) contains; SSmM Trls-HCl, pH 7.5 
at 23°C, 67mM KCl and 6.7mH MgCl^. Nonenzj'mic binding buffer (1/6 KTM#7) 
contains: 33mM Tris-HCl, pH 7.5, 6.7mM KCl and 13.3m^î MgCl^. These two 
solutions are made as a 6x concentrated solution (KTM//2 and KTM#7, 
respectively). All the solutions used are made up in deionized, dis­
tilled water and adjusted to neutrality except when pH is specified. NPM 
stock solution is 30mM DMSO) and Is diluted to 3mM and 0,3mM with DMSO 
for certain experiments so as to keep the percentage of DMSO In the re­
action mixtures constant. Tlie sucrose gradient used for separation of 
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ribosomal subunits contains: 5 to 25% (w/v) sucrose in 50tnM Tris-HCl, 
pH 7.5, 0.5M KCl, and 1.5mM MgCl^. 30mM g-mercaptoethanol is included when 
specified. Urea is deionized by stirring two liters of 8M urea with 100 
grains of Amberlite MB-3 for at least 2 hours. For 2-D gels, the first 
dimension electrode buffer contains 2.4 gm EDTA-Na^, 9.6 gm boric acid 
and 14.55 gm Tris. The pH of the solution is adjusted to 8.6 by the 
addition of 2N NaOH and the final volume of the solution is 1 liter. The 
second dimension electrode buffer contains 140 gm glycine in 1 liter with 
pH adjusted to 4.2 with glacial acetic acid. This buffer is diluted 10 
times with water before use. The counting fluid used in the polyphenyl-
alanine synthesis assay and the nonenzymic binding assay contains 12 gm 
BBOT, 150 gm naphthalene dissolved in 600 ml toluene and 2400 ml p-dioxane. 
To this 16 added 90 ml absolute ethanol and 108 gm Cab-O-Sil (Heintz et , 
1968). The counting fluid used in the phenylalanyl puromycin formation 
ûsâéîv cùuLâxriâ 180 Sïïi nâputuâlsûc, 12 Eiîi BBOT, 300 îûx absolute zsthanol, 
60 ml ethyleneglycol monoethylether (methyl cellosolve), and enough p-
dioxane to bring the total volume to 3 liters (Heintz et al., 1968). The 
counting fluid used for the 2-D polyacrylamide gel samples contains 4 gm of 
Omnifluor per liter of toluene. 
Methods 
The preparation of ribosomes, ribosomal subunits and ribosomal proteins 
Ribosomes, crude AS70 enzyme fraction and purified EF-1 and EF-2 
are obtained from rabbit reticulocytes. As described by Allen and Schweet 
(1962), rabbits are made anemic by subcutaneous injections or 
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phenylhydrazine, and their blood is collected by direct heart puncture. 
The reticulocytes are lysed by osmotic shock. The lysate is centrifuged 
at 14600 X g for 20 min to remove cell debris and then at 78500 x g for 
1.5 hours to pellet the ribosomes. The supernatant solution is stored at 
-20°C for preparation of AS70 enzyme fraction, EF-1 and EF-2. 
Ribosomes from the high speed centrifugation of the lysate are re-
suspended in 0.25M sucrose and stored at -20°C. These Ix ribosomes are 
incubated in a high salt solution containing 46mM Tris-HCl, pH7.5, 92mM 
KCl, 18mM GSH and 8.7 mg/ml ribosomes at 37°C for 25 minutes and then in­
cubated in a complete protein synthesizing system. This treatment results 
in greatly lowering or abolishing the endogenous protein synthesis ca­
pacity of the ribosomes. These ribosomes are collected by centrifugation 
at 78500 X g for 90 minutes and resuspended in 0.25M sucrose. They are 
then incubated at 37°C for 3 minutes in a solution made 1% in deoxycholate, 
collected by centrifugation and resuspended in 0.25M sucrose to a final 
concentration of 15 mg/ml. These ribosomes, termed 3xD0C ribosomes 
(3 times centrifuged, deoxycholate-treated), are stored at -20°C. They 
are essentially free of mRNA, EF-1 and EF-2 (Arlinghaus et al., 1968b). 
Ribosomal subunits are prepared by a modification of the method of 
Sherton and Wonl (1972). To dissociate the ribosomes into subunits, 
SxDOC ribosomes at a concentration of 4.5 mg/ml are incubated in a solution 
containing 50mM Tris-HCl, pH 7.5, 0.5M KCl, 3mM MgCl^, 0.5mM puromycin 
and 3kiM DTT at 37°C for 15 minutes. This solution now containing ribosomal 
subunits is cooled on ice and then layered onto a 5 to 25% linear sucrose 
gradient containing 50mM Tris-HCl, pH 7.5, 0.5M KCl, 1.5mM MgClg and 30 mM 
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3-mercaptoethanol. The gradients are centrifuged at 4°C at 22000 rpm 
(59500 X g) for 9 hours in a Spinco SW 25.2 rotor or at 22500 rpm 
(51500 X g) for 10.5 hours in a Spinco SW 25,1 rotor. After centrifuga-
tion, the bottom of the tube is punctured, 1 ml fractions (15 drops) are 
collected and their absorbance at 260 nm is determined. 
Large amounts of the subunits are prepared on a similar sucrose 
gradient using the BIV zonal rotor and centrifuged at 40000 rpm (61000 x g) 
for 6 hours. The gradients are displaced by pumping in heavy sucrose (50%) 
from the bottom. À maximum of 175 mg of dissociated 3xD0C ribosouies can 
be loaded into the zonal rotor. Fractions containing the large and small 
subunits respectively are pooled and the magnesium concentration is raised 
to 20 mM. The subunits are then collected by centrifugation at 78500 x g 
for 15 hours. The pellets are rinsed, suspended in 0.25M sucrose at a 
subunit concentration of 4 to 12 mg/ml and kept at -20°C. Subunits for 
the DTNB reaction are prepared in a similar manner except DTT is nmitted 
from the incubation mixture and g-mercaptoethanol is omitted in the 
gradient buffer. The purity of the subunits is analyzed by the rRNA con­
tent of the 40S and 60S subunit preparations and the activity of these 
preparations is measured by the polyphenylalanine synthesis assay, using 
the 40S and 60S subunits alone or combined. 
Protein concentrations are determined either on the basis of the 
absorbance at 250 nm and 280 nm (Warburg and Christian, 1942) using a 
Beckman DU spectrophotometer (Model 2400) or by the method of Lowry et al., 
(1951). The molar concentration of ribosomes and ribosomal subunits is 
determined from absorbance at 260 nm using an extinction coefficient of 
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11.2 optical density units per mg for ribosomes and ribosomal subunits 
and molecular weights of 1.3x10^, 2.7x10^ and 4.0x10^ daltons for the 40S, 
60S and 80S ribosomes respectively (Peterman and Pavlovec, 1966). 
Gel electrophoesis of ribosomal proteins 
Ribosomal proteins for use in gel electrophoresis are prepared by a 
modification of the method of Spitnik-Elson (1965). The ribosome pellet 
or ribosomal subunit pellet from a high speed centrifugation is rinsed 
and homogenized in a solution containing 3M LiCl and 4M urea. The final 
concentrations of the ribosomal subunits are usually 1 mg/ral to 2.5 mg/ml 
for the 40S subunit and 1.8 mg/ral to 3.5 mg/ml for the 60S subunit. The 
suspension is shaken at 4°C for 48 hours. The precipitated RNA is re­
moved by centrifugation at 10000 x g for 30 minutes. The supernatant 
solution containing the ribosomal proteins is then dialyzed against 8M 
urea (deionized) at 4°C for at least 6 hours. This protein preparation 
may be stored at -20°C. 
Disc gel electrophoresis of ribosomal proteins at pH 4.5 in 8M urea 
is carried out as described by Leboy e^ (1964)= Pyrex glass tubes 
(18 cm in length with an inside diameter of 6 mm) are prepared by washing 
with hot nitric acid, rinsing extensively with distilled water, and then 
immersing in 0.5% (v/v) Photo-flo (Eastman Kodak Co.) (Gabriel, 1971). 
This procedure facilitates the removal of gels after electrophoresis. The 
gels consist of a 0.5 cm stacking gel (containing 0.1 mg of ribosomal 
protein) which is 2.5% acrylamide on a 14 cm separating gel which is 7.5% 
(w/v) in acrylamide and 0.11% (w/v) in bisacrylamide. Electrophoresis 
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is carried out using a constant current of 2.5 mA/tube at 4°C for 14 hours. 
The gels are stained by immersion for 45 minutes in a fresh 1:5 dilution 
of a 0.5% (w/v) coomassie blue solution (50% methanol-9.2% acetic acid) 
using 12.5% (w/v) TCA for dilution. Destaining is carried out by 
diffusion (gentle stirring) in 7.5% acetic acid-15% methanol for 48-72 
hours. Under the above conditions all proteins migrate toward the anode. 
No stainable bands migrated toward the cathode upon reversal of the 
terminals. For the identification of fluorescent proteins, gels are not 
stained but are taken into a dark box for visualization of fluorescence 
under a far ultraviolet light. For measurement of this fluoresence in 
the fluorimeter, the gels are sliced into 3 mm sections. Each section is 
placed in a test-tube containing 3.2 ml of O.IM potassium acetate buffer, 
pH 5. The gels are homogenized with a pestle. The samples are spun in a 
clinical centrifuge to remove gel particles. The supernatant solution is 
taken for fluorescence intensity reading in a fluorimeter constructed by 
the Iowa State University Biophysics group. 
Two-dimensional polyacrylamide gel electrophoresis of ribosomal pro­
teins is performed as described by Kaltschmidt and Wittmann (1970) with 
minor modifications. The first dimension (procedures similar to those 
detitribesl àuove for disc gel electrophoresis) is run at pH 8.5 in 6% 
acrylamide gel at 4.5 mA/tube for 14 hours at 4°C. The sample gel consists 
of 0.3 ml of extracted ribosomal proteins in 8M urea (approximately 0.3 mg 
of 40S proteins or 0.4 mg of 60S proteins respectively) and 0.1 ml of 2% 
agarose in sample gel buffer. This method is reported by Howard and Traut 
(1973) to give a better recovery of radioactively labelled proteins. The 
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sample gel is placed 9.5 cm from one end of the gel (18 cm total). The 
second dimension is run at pH 4.2 in 18% acrylamide gel at 125 volts 
(using a constant voltage power supply) for 24 hours at room temperature. 
The gel is stained in 0.1% coomassie blue in 7.5% acetic acid and 50% 
methanol by shaking for 4 hours at room temperature and destained in 7.5% 
acetic acid and 50% methanol by shaking for 21 hours at room temperature 
with two changes (6 liters each) of destaining solution. 
For the determination of radioactivity inthe protein spots on the 
2-D gels J the stained spots are cut out using a cork-borer or razor blade. 
Each piece of gel is placed in a glass scintillation vial and 0.3 ml of 
Protosol and then 10 ml of the Omnifluor scintillation cocktail is added. 
The vials are tightly capped and incubated at 37°C for 17 hours. The 
vials are cooled to room temperature for 0.5 hour and then kept in the 
refrigerated counter for at least 3 hours before counting. 
Counting of the samples is done in a Packard Tricarb Model 577 
Liquid Scintillation spectrometer. is counted at 10% gain with an 
3 
open (50-1000) discriminator window setting. H is counted at 60% gain 
with the same window setting. The efficiency of counting is approximately 
80% for and 31% for ^H. For samples containing both and 
is counted or. one channel at 35% gain with a window setting of 50-300 and 
corrected for counts. is counted on a second channel at 18% gain 
3 
with a window setting of 400-1000. A negligible amount of H (less than 
0.1%) is counted at this setting. The counting efficiency is about 24% 
for and 38% for Controls for background, standards and 
standards in the various counting systems are routinely run with each set 
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of samples. 
Enzyme preparations 
AS70 enzyme fraction is prepared from the supernatant fraction 
(Arlinghaus et , '968a). Contaminating tRNA is precipitated with 
protamine sulfate and removed by centrifugation. The supernatant 
solution is made 0.1 M in Tris-HCl, pH 7.5 and the solution is brought 
to pH 6.5 by the slow addition of 1 M acetic acid. Protein which pre­
cipitates between 40% and 70% saturation with ammonium sulfate is taken, 
dissolved in a solution containing 0.1 M Tris-HCl, pH 6.5, ImM GSH and 
O.lmM EDTA, reprecipitated with 70% ammonium sulfate and dialyzed against 
a buffer containing 0.02M Tris-HCl, pH 7.5, 0.5mM GSH and O.lmM EDTA. 
The dialyzed fraction is clarified by centrifugation at 10000 x g for 10 
minutes and made ImM in EDTA. This enzyme is designated as the AS70 
e n z y m e  f r a c t i o n  a n d  i s  s t o r e d  a t  - 2 0 " c .  
Kf-l and Kt-z are both prepared trom the AS/(J enzyme traction 
(Arlinghaus £t , 1968a). These factors are separated on calcium phos­
phate gel in a batehwise procedure (Singer and Kearney, 1950). Tlie EF-2 
fraction is eluted with O.IM potassium phosphate, pH 7.0 and the EF-1 
fraction is eluted with 0.3M potassium phosphate, pH 7.5. Both fractions 
are dialyzed against their respective buffers and then chromatographed on 
DEAE-cellulose columns, EF-2 is eluted with a buffer containing O.IM NaCl, 
0.002M Tris-HCl, pH 7.5,0.01M 6-mercapfioethanol and l.QmM magnesium 
ammonium EDTA. The peak fractions are pooled and dialyzed against 20mi 
Tris-HCl, pH 7.5, 0.5mM GSH and O.lmM magnesium ammonium EDTA and stored 
at -80°C. EF-1 is eluted with 0.25M NaCl in a buffer containing 0,002M 
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Trls-HCl, pH 7.5. The peak fractions are pooled, dialyzed against 20iiiM 
Tris-HCl, pH 7.5 and stored at -80°C. The concentration of these 
enzymes is approximately 1.4 mg/ml. 
Phenylalanyl-tRNA preparation 
Yeast aminoacyl-tRNA synthetases, used to charge yeast tRNA with 
the appropriate amino acids, are purified by the method of Hoskinson and 
Khorana (1965). The charging reaction is carried out in a 60 ml reaction 
mixture containing 4mM ATP, BmM MgClg, 40niM Tris-HCl, pH 7.5, 0.02mM each 
of the 18 common amino acids (except phenylalanine and asparagine), 0.02mM 
^^C-L-phenylalanine (specific activity 50mCi/mmole), 0.5 mg/ml yeast tRNA, 
0.4 mg/ml yeast aminoacyl tRNA synthetases and 0.4mM EDTA-Na^). Incuba­
tion is carried out for 20 minutes at 37°C. The aminoacylated tRNA is 
isolated by phenol extraction and ethanol precipitation as described by 
Heintz e]^ , (1968). 
Analysis of ribosomal RNA 
The rRNA from the ribosomal subunit preparations are analyzed by 
sucrose gradient centrifugation. The RNA, precipitated from subunits by 
3M LiCl and 4M urea, is rinsed and dissolved in a solution containing 0.05M 
NaCl and ImM EDTA pH 6.2. The RNA sample is dialyzed against the same 
buffer for 12 hours. The sample is layered onto 26 ml of a 4 to 20% 
linear sucrose gradient in O.IM NaCl and ImM EDTA pH 6.2 and centrifuged 
at 22500 rpm (51500 x g) for 18.5 hours in a Spinco SW 25.1 rotor. The 
centrifuge tube is punctured at the bottom, 1 ml fractions (15 drops) are 
collected and the absorbance at 260 nm is measured. 
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Poly U:Sepharose chromatography o^ ribosomes 
Activated Sepharose 4B is prepared as described by Wagner e^ al. 
(1971). The Sepharose 4B is first washed with O.IM NaCl and then with 
deionized water. The Sepharose 4B (30 ml, packed volume) is suspended in 
60 ml of water and cooled to about 10°C. Finely divided cyanogen bromide 
(11.7 gm) is added to the stirring suspension and the pH is immediately 
raised to 11 and maintained by the addition of 8N NaOH. The temperature 
of the reaction is maintained at about QO°C. The activated matrix 
material is isolated by filtration, washed with 600 ml of cold deionized 
water and then with 300 ml of O.IM potassium phosphate buffer pH 7.5. The 
activated Sepharose 4B is used immediately for coupling with poly U. 
Poly U is bound to cyanogen bromide activated Sepharose 4B according 
to the procedure of Lindberg and Persson (1972). Poly U (15 ml of a 1 
mg/ml solution in O.IM potassium phosphate buffer pH 7.5) is added to 20 
ml (packed voj"""®) nf arrivmren Sp.pnaroRe 4B in 15 ml or O.IM uotaàaium 
phosphate buffer. The slurry is mixed on a rocker at 4°C for 17 to 19 
hours. Unbound poly U is removed with 3 bed volumes of a solution con­
taining 2îi KCl and 33mM Tris-HCl, pH 7.5, and then ^ rtth 4 volumes of non-
enzymic binding buffer and stored in this buffer at 4°C, This poly U:~ 
Sepharose is stable for at least 50 days. The extent of poly U binding to 
the activated Sepharose is determined by alkaline hydrolysis (1.0 ml of 
NaOH per 0.1 ml matrix) at room temperature for 15 to 18 hours. Absorbance 
of the hydrolysate is used to calculate the amount of liberated urldine-3'-
3 
monophosphate using an extinction coefficient of 7.8 x 10 at pH 12 and 
molecular weight of 75500 for poly U (manufacturer's specific data). To 
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remove any poly U which may be hydrolyzed at 37°C, the poly U:Sepharose 
is washed fit 37°C for 8 minutes to further remove any free or hydrolyzed 
poly U prior to usage. This poly UtSepharose is immediately used for the 
binding of 3xD0C ribosomes. 
The binding of 3xD0C ribosomes to the poly UiSepharose is performed 
as follows. 3xD0C ribosomes (7.5 mg) are incubated in the nonenzymic 
binding buffer (final volume of 7.5 ml) containing: 33mM Tris-HCl, pH 7.5, 
6.7nM KCl, 13,3mM MgCl^, 0.67niM DTT, 67uM unlabelled phenylalanine, 3 ml 
14 (packed volume) of pàly U:Sepharose and approximately 2 mg of C-phenyln 
alanyl-tRNA (phenylalanyl-tRNA is omitted in this binding reaction when 
specified). After mixing at 37°C for 10 minutes, this suspension is 
chilled (4°C) and transferred to a small column (0.9 x 5 cm). All subse­
quent washings are performed at 4°C. After washing with at least 3 ml of 
the nonenzymic binding buffer to elute the "inactive" ribosomes, the bound 
ribosomes are clutcd with 3 to 4 ml of the various release buffers as 
described in the Results Section. 
Synthesis of N-(3-pyrene) aaleimide 
The chemical synthesis of N-(3-pyrene) taaleimide is carried out as 
deecribed by Weltman et al. (1973). A solution cf S^aminopyrene (1.8 gm; 
8.3 mmoles) in 21.0 ml of ice cold tetrahydrofuran is mixed with maleic 
anhydride (0.86 gm; 8.8 mmoles) in 10.6 ml of ice-cold tetrahydrofuran. 
The mixture is allowed to react for 17 hours with stirring at 4°C. The 
greenish yellow precipitate is collected by vacuum filtration, and washed 
three times each with 20 ml of tetrahydrofuran. The precipitate is dried to 
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give crude N-(3-pyrene) maleamic acid. N-(3-pyrene) maleamlc acid (0.66 
gm; 2.1 nmole) is then added to a solution of acetic anhydride (9.0 gm; 
88.1 mrnoles) containing sodium acetate (0.09 gm; 12.3 tranoles). The re­
sulting suspension is heated at 100°C for 45 minutes with stirring. The 
reaction mixture is cooled to room temperature in a cold water bath and 
poured into 45 ml of ice water. The precipitated product, N-(3-pyrene) 
maleimide is removed by vacuum filtration, washed three times with 30 ml 
of ice-cold water and once with 30 ml of hexane (66-69°C b.p.) and dried. 
This precipitate is recrystallized twice by addition of water to an 
ethanolic solution of crude NPM. The N-(3-pyrene) maleimide synthesized 
is characterized by running a NMR spectrum and an ultraviolet spectrum. A 
stock solution (30mM) of the above compound is made in dimethylsulfoxide 
(DMSO) and stored in the dark. Other concentrations used are made by 
dilution of this stock solution with DMSO. Radioactive NPM is synthesized 
in a similar manner except (1,4-^^c) maleic anhydride (specific activity 
25 uC^/mmole) is used. 0.9 gm of 3-aminopyrene in 10.5 ml ice-cold tetra-
hydrofuran is reacted with a solution of 0.428 gm of uiilabelled maleic 
anhydride and 1.98 mg (500 uC^) of (1,4-^^C) maleic anhydride in 5.3 ml ice-
cold tetrahydrofuran. All subsequent procedures are the same as the 
synthesis for unlabelled NPM, The final specific activity of the ^^C-NPM 
synthesized is 111 uC^/mmole. 
Assays of ribosomal activity 
The nonenzymic binding of phenylalanyl-tRNA to rlbosomes is performed 
as described by Heintz ^  •> (1968). The reaction mixture contains 
in a total volume of 0.3 ml: 67 yM L-pheiiylalanine, 0.67mM DTT, 6.7mM KCl, 
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13.3 tuM MgClg, 33niM Tris-HCl, pH 7.5, 67 ugm/ml poly U, 70 ygm/ml radio-
actively labelled phenylalanyl-tRNA and 1 mg/ml 3xD0C ribosomes. After 
gentle swirling of the reaction mixture, it is incubated for 10 minutes at 
37°C. The reaction is stopped by chilling the tubes and adding 3 ml of 
cold nonenzymic binding buffer (1/6 KTM#7). The diluted reaction mixture 
is filtered through nitrocellulose filters premoistened with 3 ml cold 
1/6 KTM#7. The filters are then washed 3 times with 3 ml of 1/6 KTM#7 each. 
The filter is placed in a liquid scintillation vial (plastic) and 0.5 ml 
of 1 N NaOH and 15 ml of the Cab-O-Sil counting fluid is added. The vials 
are shaken vigorously to dissolve the filter and then counted. 
The enzymic binding of phenylalanyl-tRNA to ribosomes, which 
measures EF-1 activity, is carried out in a way similar to the nonenzymic 
binding assay (Heintz et , 1968). The reaction mixture contains in a 
volume of 0.3 ml: 67 uM L-phenylalanine, 67 uM GTP, 67 mM KCl, 6.7 mM MgCl^, 
70 ugm/ml radioactively labelled phenylalanyl-tRNA, and 1 mg/ml 3xD0C 
ribosomes. After incubation for 15 minutes at 37°C, the reaction is stopped 
by chilling the tubes and adding 3 ml of cold enzymic binding buffer (1/6 
KTM#2). The level of binding is measured by the same method used for the 
nonenzymic binding assay. 
The activity of EF-2 is measured by its ability to catalyze the forma­
tion of phenylalanyl puromycin (Heintz e^ , 1968). Radioactively 
labelled phenylalanyl-tRNA is bound either enzymically or nonenzymically 
to ribosomes as described above, but the total binding reaction mixture is 
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increased 10 or 20 fold. After the incubation, the reaction mixture is 
diluted 2 to 4 fold with buffer, and the ribosomes are isolated by centri-
fugation. The ribosomes are resuspended in 0.25 M sucrose, and the level 
of binding of phenylalanyl-tRNA to ribosomes is measured by the nitro­
cellulose membrane filtration assay method (see above). The reaction mix­
ture for the formation of phenylalanyl puromycin contains in a total volume 
of 0.6 ml; 67 uM L-phenylalanine, 67 uM GTP, 17 uM GSH, 67 uM KCl, 
6.7mM MgClg, 33mM Tris-HCl, pH 7.5, 200 ugm/ml EF-2, approximately 0.7 
mg/ml of ribosoaes carrying 20 to 30 pmoles radioactively labelled phenyl­
alanyl- tRNA/mg ribosome, and G.u7isM puromycin. After incubation for 20 
minutes at 37°C, ammonium bicarbonate buffer at pH 9.0 is added to stop the 
reaction and raise the pH of the reaction mixture to about pH 9 which 
limits the extraction of free L-phenylalanine and enhances the extraction 
of phenylalanyl puromycin. Phenylalanyl puromycin is extracted with ethyl 
acetate and a portion of the ethyl acetate phase is transferred to a 
liquid scintillation vial (Leder and Bursztyn, 1966). A modified Bray's 
counting fluid (10 ml) is added and the level of phenylalanyl puromycin 
formation is determined in a liquid scintillation spectrometer. 
Polyphenylalanine synthesis is measured by a modification of the 
method described by Gregg and Heints (1972), The reaction mixture contains 
in a volume of 0.3 ml: 67 uM L-phenylalanine, 1.33mM GTP, 1.33mM DTT, 67mM 
KCl, 6.7mM MgCl^, 33mM Tris-HCl, pH 7.5, 0.6 mg/ml AS70 enzyme fraction, 
67 ugm poly U, 70 ugm/ml radioactively labelled phenylalanyl-tRNA, and 
approximately 0.04 mg/ml 3xD0C ribosomes. After incubation for 15 minutes 
at 37°C. the reaction is terminated by the addition of 2 ml of cold 5% TCA 
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containing 1 niM L-phenylalanine. The precipitated reaction mixture is 
allowed to stand for 30 minutes in an ice bath, heated at 90°C for 20 
minutes in a hot water bath and then put into an ice bath for 30 minutes. 
The precipitate is then filtered through nitrocellulose membrane filters 
prewashed with 2 ml of the cold 5% TCA solution. The membrane is then 
washed 3 times with 2 ml of the cold 5% TCA. and counted by the same method 
used for the nonenzymic binding assay. 
The nonenzymic binding assay and the polyphenylalanyl synthesis assay 
using ribosomal subunits is performed similar to the above except that 
0.28 mg of 60S subunits and 0.08 mg of 40S subunits are used in the non­
enzymic binding and 20 ug of 60S subunits and 4.5 ug subunits of 40S sub-
units are used in the polyphenylalanine synthesis assay. 
Reaction of ribosomes with various sulfhydryl reagents 
The reaction of ribosomes and ribosomal subunits with 5,5*-dithlo-
bis(2-nitrobenzoic acid) is used to quantitate the number of accessible 
sulfyhdryl groups in the native rlbosome and the total number of ribosomal 
sulfhydryl groups. A stock solution of lOmM DTNB in O.lM phosphate buffer 
pH 7.0 is prepared fresh for each experiment. For the determination of 
accessible thiol groups tr, native ribeaeses, the reaction ststnre contains 
in a volume of 1.2 ml: 33mM Tris-HCl, pH 7.5, 6.7mM KCl, 13.3mM MgCl^, 
1,4 mg to 2 mg of 3xD0C ribosomes (or approximately 0.7 mg of 60S subunit, 
or 0.6 mg of 40S subunit). After incubation at 37^C for 8 minutes, 0.05 ml 
of DTNB solution is added (zero time) and the mixture is transferred into a 
1-ml cuvette. The course of the reaction is followed at 412 nm on a Gary 15 
recording spectrophotometer. A molar extinction coefficient of 1.36 x 
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at 411 ran for thionltrobenzoate ion is used in calculations of 
the extent of reaction (Ellman, 1959). The same procedure is used for the 
determination of the total number of thiol groups in ribosomes or ribosomal 
subunits except the initial incubation mixture contains 7M urea. In all 
cases a suitable reagent blank without ribosomes and a ribosome blank con­
taining everything except DTNB are made and subtracted from the absorbance 
reading at 412 nm due to the reaction of the thiol groups with DTNB. 
The reaction of SxDOC ribosomes with N-(3-pyrene)maleimide is performed 
in the nonenzymic binding buffer, 3xD0C ribosomes (2 mg/ml) are incubated 
with NPM at the desired concentration (usually 0.2iriM) at 37°C for 10 minutes 
unless otherwise specified. The mixture contains 6.7% of DMSO. The re­
action is terminated by the addition of 1000 fold excess of 3-mercapto-
ethanol. A typical reaction mixture contains in a volume of 0.6 ml; 
33mM Tris-HCl, pH 7.5, 6,7mM KCl, 13.3mM MgClg, 2 mg/ml 3xD0C ribosomes and 
0.2mM Km. Xhe treated ribosomes are passed through a Sephadex uzb column 
equilibrated with the nonenzymic binding buffer to remove excess îîPM, g-
îûercaptûsthanci and their adduct. A fresh coluBm is used for each reaction 
as it is difficult to wash the unreacted NPM from the Sephadex. Labelled 
riboaomes which elute at the void volume are collected and the absorbance 
at 260 nm determined. FluQpeacence intensity is used to measure the relative 
14 
extent of reaction. Alternatively C-NPM is used and the number of sulfhy-
dryl groups that have reacted with NPM is measured by a hot TCA precipita­
tion of the ribosomal proteins. Assay of the activity of the I^û-treated 
ribosomes by nonenzymic phenylalanyl-tRNA binding and polyphenylalanine 
synthesis is done by taking an aliquot (0.12 ml for nonenzymic binding and 
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0.005 ml for polyphenylalanine synthesis) of the original NPM and ribosome 
reaction mixture and adding it directly to 0,18 ml of the nonenzymic 
binding assay mixture or 0.295 ml of the polyphenylalanine assay mixture. 
The two activity assays are performed in a similar manner as described 
above. The analysis of sedimentation profiles of reacted ribosomes is 
performed by centrifugation on a 5 to 25% linear sucrose gradient in the 
enzymic binding buffer at 22000 rpm (59500 x g) for 9 hours in a Spinco 
SW 25.2 rotor. 
Labelling of individual subunits with NPM is performed as described 
above using 1.25 mg/ml 60S subunit or 0.75 mg/ml 40S subunit. The labelled 
subunits are used immediately in the polyphenylalanine synthesis and non­
enzymic binding assay. 
In experiments where poly U or poly U and phenylalanyl-tRNA are in­
cluded, the concentration of these reagents are the same as those in a non­
enzymic binding assay. For example, a reaction mixture contains In a 
volume of 1.2 ml: 33mî'î Tris-HCl, pH 7,5, 6,7 niî KCl, 13.3mM MgCl^, 2.14 
mg/ml SxDOC ribosomes, 0.14 mg/ml poly U and approximately 0.4 mg/ml of 
phenylalanyl-tENA. The reaction mixture is incubated at 37°C for 8 minutes. 
The desired amount of NPM (usually 0.085 ml of 0.53mM NPM in DMSG) is added 
immediately and the incubation is continued for 10 minutes (or the time 
specified). Excess g-mercaptoethanol is added to terminate the reaction. 
Portions of this reaction mixture are taken for polyphenylalanine synthesis 
and nonenzymic binding assays. The remainder of the incubation mixture is 
passed through a Sepharose 6B column to separate the unreacted and unbound 
reagents from the ribosomes. The ribosomal bound NPM is quantitated as 
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described above. Controls with DMSO added instead of NPM are run in 
parallel. 
Ribosomes labelled as described are dissociated into subunits using a 
dissociation gradient as described for the preparation of subunits. The 
labelled separated subunits are pelleted at 30000 rpm (78500 x g) for 15 
hours in a 30 rotor. The pellets are rinsed and homogenized in 0.25M 
sucrose and stored at -20°C. These subunits are used in polarization 
studies using the Perkin-Elmer Model MPF 3L fluorescence spectrophotometer. 
Buffers with various KCl and MgCl. concentrations (as specified) and 33mM 
Tris-HCl, pH 7.5 are prepared and cooled to 4°C. 60S or 40S subunits, 
final concentration 0.024 mg/ml and 0.015 mg/ml, respectively, are diluted 
in the appropriate buffer and kept at 4°C for 10 minutes before taking 
fluorescence measurements. 
Initially, fluorescence intensity is measured with a laboratory-built 
spectrophotometer. Excitation at 345 nm shows peaks at 374 nm, 393 nm and 
a shoulder at 440 nm. Normally the fluorescence intensity at 393 nm is 
taken. Approximately 0.15 mg of 3xD0C ribosomes is required for fluo** 
rescence measurements with this instrument. Fluorescence polarization 
(and intensity) determinations (Parker, 1968) are carried out with a more 
sensitive psrkin^Elser Modsl MFF 3L flucrsscsncs spsctrcphctcrictcr equipped 
with a recorder. The measurements are made at 7°C using a 10-mm cell. All 
the spectra are corrected for background fluorescence using appropriate 
blanks. Excitation is at 342 nm and emission is at 376 and 395 nm. 
Experiments using N-ethylmaleimide are carried as for NPM except 
3 
H-NEM us used to label the proteins. The labelled 80S ribosome is 
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dissociated into subunits and 2-D electrophoresis of the subunit ribosomal 
proteins is carried out to identify the labelled proteins. Free subunits 
(1.25 mg/ml 60S and 0.75 mg/ml 40S) are labelled with O.ASmM ^H-NEM in the 
nonenzymic binding buffer for 10 minutes at 37°C. The reacted proteins 
are identified via 2-D gels. 
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PART 1. PURIFICATION OF RETICULOCYTE RIBOSOMES USING 
POLYURIDYLIC ACID: SEPHAROSE CHSOI-IATOGRAPHY 
Introduction 
Treatment of eukaryotic ribosomes to study the various steps of the 
peptide bond forming process routinely results in only a small percentage 
of such ribosomes being active in such experiments (Heintz et , 1968, 
Chuang et al.. 1971). The removal of initiation, elongation, and termina­
tion factors and the negation of effects of endogenous messenger RNA 
usually involve the incubation of crude ribosomes In a complete cell-free 
incorporation system, washing the ribosomes with a buffer solution con­
taining a very high sMg"*^ ratio and/or treatment with a detergent such as 
sodium deoxycholate. The large amount of inactive ribosomes in such a 
preparation constitute a high background in both activity and structural 
studies which makes small changes difficult to observe. Thus the in­
ordinately high amount of GTP hydrolyzed compared with the number of peptide 
bonds synthesized in the reticulocyte system and others (Àrlinghaus ejt , 
19Ô4; Kishizuka and Lipmann, 1966) may be a reflection of such partially 
active ribosomes. Also Chuang ^  (1971) expressed a difficulty in 
estimating the exact number of exchangeable hydrogen atoms and changes 
thereof due to conformational changes in the rlbosome during the various 
steps of the elongation process. Therefore separation of the active and 
inactive particles is of obvious advantage tn such studies. The present 
study deals with one approach to this problem using columns of poly U 
covalently linked to sepharose to bind the active ribosomes and the 
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subsequent release of these "active" ribosomes to give an enriched prepara­
tion for the study of the steps of peptide bond formation. 
Results 
The conditions used for the coupling of poly U to activated Sepharose 
4B are first studied to optimize the binding of poly U to activated 
Sepharose 4B. Figure 2 shows the results of this coupling reaction in 
terms of poly U bound as the amount of activated Sepharose 4B is varied 
using 1 volume of poly U (1 mg/ml). At a high Sepharose to poly U ratio 
(4:1; v:v), the efficiency of the coupling reaction is greatest (70% yield) 
3 
but the amount of poly U bound per ml of matrix material is low (2.3 x 10 
pmoles). The reyerse is true at low Sepharose to poly U ratio (0,5:1) 
3 
where a 29% yield and 7.7 x 10 pmoles poly U bound per ml of matrix is 
achieved. A ratio of activated Sepharose:poly U (1 mg/ml) of 4:3 (v:v) 
is chosen for all subsequent coupling reactions where the yield of the 
O 
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The stability of the poly U:Sepharose in the nonenzymic binding buffer 
at 37°C; the temperature at which ribosomes are absorbed to the matriXj is 
examined by following the time course of poly U release at 37°C. The 
results are shown in Figure 3. Approximately 22% of the bound poly U is 
hydrolyzed after the first 10 minutes of incubation but the remaining poly 
U;Sepharose is stable for longer periods of time (the reaction was followed 
for 1 hour). So the poly U:Sepharose is routinely Incubated at 37°C for 
10 minutes and washed to remove free poly U or uridine nucleotides prior to 
the binding of 3xD0C ribosomes. The normal amount of poly U bound after 
O 
this procedure is 3.5 x 10"* pmoles/ml of matrix material. 
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The binding of polyurldyllc acid to activated Sepharose. 
Poly U (1 ml of a 1 mg/ml solution in poLaeelum phosphate 
buffer) was added to the indicated volumes of activated 
Sepharose 4B (Methods). The slurry was mixed over night 
at 40c. The amount of poly U covalently bound to the 
Sepharose was determined as described in the Methods Section, 
The results are expressed as total pmoles of uridylic acid 
(x 10^) bound per reaction mixture 
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Figure 3. Stability of Poly U;Sepharose at 37 C. Poly U:Sepharose 
was incubated in the nonenzymic binding buffer ai. 37-C àûd 
at various times, the reaction was stopped by chilling to 
4°C. The matrix material was washed and the amount of 
poly U bound to the Sepharose was determined as described 
in the Methods Section 
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Before using poly U:Sepharose to bind the 3xD0C ribosomes it is 
necessary to investigate the behavior of the ribosomes on a column of 
Sepharose itself (no bound poly U). Ribosomes are incubated with 
activated Sepharose at 37°C (Methods) under nonenzymic binding conditions 
and then this incubation mixture placed in a small glass column (0.9 x 
5 cm). This column is then eluted with the nonenzymic binding buffer to 
wash off unbound ribosomes. The effluent is monitored at 260 nm to 
measure the ribosomes which pass through the matrix. Less than 2% (0.05 
mg/ml matrix) of the ribosomes of the incubation mixture remain on the 
column after washing with the nonenzymic binding buffer. Also Sepharose 
4B does not interfere with the poly U directed binding of phenylalanyl-tRM 
to these ribosomes under nonenzymic binding conditions. 
When ribosomes are incubated with poly UrSepharose under nonenzymic 
binding conditions as described in the Methods section, approximately 
15% of the ribosomes remain bound to the column after washing with non­
enzymic binding buffer. However most of the bound phenylalanyl-tRNA is 
released as indicated by the radioactivity recovered in the washings. This 
is not surprising as the nonenzymic binding of amlnoacyl-tRNA is reversible 
and relatively weak. If phenylalanyl-tRNA is left out of the incubation 
mixture, the same amount or ribosomes (15%) ïêuîaiû bound to the poly U: 
Sepharose column. Whether these bound ribosomes are the same as that bound 
in the presence of phenylalanyl-tRNA is not clear. However both types of 
bound ribosomes are released under the same conditions and the activities 
of the released ribosomes are similar. 
Various conditions have been investigated for the release of these 
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bound rlbosomea. Using a decreasing concentration gradient of MgCl^ 
(13.3inM to (MÎ) and constant KCl (6.7inM) and Tris-HCl (33mM; pH 7,5) 
results in no elation of the bound ribosomesi, A buffer containing 0.15M 
KCl, 33inM Tris-HCl, pH 7.5 and lOmM DTT results in partial elution of 
these bound ribosomes. When the KCl concentration in this buffer is raised 
to 0.2M (Figure 4) or 0.3M (Figure 5) approximately 95% of the bound 
ribosomes are released. However, the ribosomes released under such con­
ditions show very little enhancement of activity compared with the 
original ribosomes. This result appears to be an inactivation of the 
ribosomes due to the absence of Mg in the release buffer. When SinM 
MgClg is included in the release buffer (0.3M KCl, 33mM Tris-HCl, pH 7.5, 
and lOmM DTT), the released ribosomes show a significant enhancement of 
activity. However, most of the ribosomes (50%) remain bound to the column 
(Figure 6). If this MgCl^ concentration is lowered to 2mM most of the 
ribosomes are released but again only a slight enhancement of nonenzymic 
phenylalanyl-tRNA binding or polyphenylalanine synthesis is observed. If 
MgClg is added to the eluate containing the released ribosomes immediately 
as they emerge from the column a significant increase in activity compared 
with the original ribosomes is observed (Figure 7). 
The optimal MgCl^ concentration for this effect appears to be 13mlî 
which is the same as that of the nonenzymic binding buffer. The procedure 
which appears optimal to date utilizes a release buffer containing 0.3M KCl, 
2oM MgClg, 33mM Trie-HCl, pH 7.5, lOmM DTT and 0.25M sucrose with the MgCl^ 
concentration of the eluate adjusted to 13 mM Immediately upon emergence 
from the column (Figure 7). The enhancement of both the phenylalanyl-tRNA 
Figure 4. The release of ribosomes from poly U:Sepharose complex using 0.2M KCl 
in the release buffer. The binding of ribosomes to the poly U:Sepharose 
conplex, Trashing the column, and subsequent elution of the active 
ribosomes were performed as described in the Methods Section. In this 
experiment the release; buffer contained: 0.2M KCl, 33mM Trls-HCl, 
pH 7.5, lOmM DTT. The fraction volumes were 0.07 ml each 
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Figure 5, The release of ribosomes ii'om poly U:Sepharose complex using 0,3M KCl in the 
release buffer. Procédurals are the same as in Figure 4 except that the 
KCl concentration in the release buffer has been increased to 0.3M 
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Figure 7. Stabilization of active ribosomes by magnesium. All procedures are 
the same as described in Figure 3 with the exception that the release 
buffer contained; 0.3M KCl, 33mM Tris-HCl, pH 7.5, 2mM MgCl2, lOmM DTT 
and 0.25M sucrose... The Mg^ concentration of the elute was adjusted 
to 13mM immediately upon collection 
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binding and polyphenylalanine synthesis activities is illustrated in 
Figures 8 and 9. Approximately a three-fold increase in these activities 
is obtained. A maximum enhancement of activity of about 7 fold is 
possible. Therefore the population of active ribosomes approach 50% 
with respect to their ability to participate in these protein synthesis 
activities. With respect to Figure 9, the polyphenylalanine synthesis 
activity of the control ribosomes is linear up to 50 ugm/assay while this 
is not true for the active ribosomes. This result reflects the increased 
activity of the purified ribosomes» A release buffer designed to release 
all the ribosomes from the poly U:Sepharose complex, lOmM EDTA, 33mM Tris-
HCl, pH 7.5, and lOmM DTT (Figure 10) shows that the release of active 
ribosomes under conditions as described above (Figure 7) is as effective 
as the drastic treatment with the chelation agent EDTA. The EDTA eluted 
ribosomes are essentially inactive. All of the release buffers mentioned 
above do not appear to remove any poly U from the poly U:Sepharose complex. 
In order to reuse the poly U:Sepharose again, the matrix is washed with 
3 column volumes of a buffer containing lOmM EDTA, 33mM Tris-HCl, pH 7.5 
and then equilibrated with nonenzymic binding buffer and stored at 4"c. 
A control to investigate if there is any activation effect due to the 
optimal release buffer itself suows that 3xDCC ribcscmes treated vjith such 
a buffer have the same activity as untreated 3xD0C ribosomes. Increasing 
the amount of poly U;Sepharose in the incubation mixture does not cause 
increase binding of ribosomes showing that poly U:Sepharose is not the 
limiting factor in the binding of these ribosomes. 
50 
10 
Q 
8 
2 
LU 
X 
ÛL 
U n 
R I B O S O M E S  ( m g / A S S A Y )  
Figure 8. Comparison of the nonenzymic binding ability of active 
and 3xD0C ribosomes. The active ribosomes (Figure 7) 
were compared with the original high KCl, deoxycholate 
washed ribosomes with respect to ability to bind 
phenylalanyl-tRNA nonenzymically (Methods). 
The results are expressed as pmoles of phenylalanyl-
tRNA bound per mg of ribosomes 
51 
>-
_J 
O 
CL 
/ 
R I B O S O M E S  ( p g m / A S S A Y )  
Figure 9. Comparison of the polyphenylalanine synthesizing ability 
of active and 3xD0C ribosomPi. Active ribosomes (Figure 
7) were compared with the original ribosome preparation 
with respect to polyphenylalanine synthesis (Methods). 
The results are expressed pmoles of phenylalanine 
incorporation into polyphenylalanine per mg of ribosomes 
Figure 10. The effect of EDTA on the elution of active ribosomes from a poly U; 
S(ipharo3e complex. 'Che binding of ribosomes to the poly U: Sepharose 
complex washing of 1;lie column, and subsequent elution of the active 
ribosomes were performed as described in the Methods Section. In 
this experiment the release buffer contained: lOmM EDTA, 33mM 
Tris-HCl, pH 7.5, KhnM DTT. The fraction volumes were 0.07 ml each 
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Discussion 
Many details of ribosomal peptide bond formation remain to be 
answered. Prominent among such questions is the interaction of various 
ribosomal components and the specific structure of the ribosomes during 
the various steps of the protein biosynthesis process (Helntz et a]^., 
1968; Haselkorn and Rothman-Denes, 1973). A major difficulty with such 
investigations is that many ribosome preparations appear to contain only 
a limited proportion of active ribosomes. This loss of activity may be 
due to the preparative process or the ribosome preparation may be 
"heterogeneous" with respect to various of its components such as ribosomal 
proteins (Kurland, 1972; Craven et , 1969a). As a result, such prep­
arations may contain completely inactive ribosomes or ribosomes which are 
active in only one or two steps of the process of the peptide bond forma­
tion. Examples of the activity of these partially active ribosomes include 
the hydrolysis of GTP without concurrent peptide bond formation 
(Nishizuka and Lipmann, 1966) or the binding of aminoacyl-tRNA without 
incorporation into longer peptides (Helntz et , 1966). Isolation of a 
population of ribosomes "homogeneous" in their activiti^ in all the steps 
of peptide bond formation may provide a better approach to correlate 
structural and functional differences in ribosomes during the varioua e'ceps 
of elongation. That this purification procedure is indeed useful in the 
study of structural changes is shown in Part II where the polarization 
changes of ribosomes (as monitored by the fluorescent probe, NPM) upon 
phenylalanyl-tRNA binding are more significant when enriched ribosomes 
are used. 
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The experiments described above illustrate one method of separating 
"active" ribosomes from "inactive'' ones. Affinity chromatography using 
poly U;Sepharose as a messenger RNÂ proves to be a useful tool in this 
regard. Poly U covalently bound to the gel is quite stable and 
efficiently serves as a messenger KNA for the nonenzymic binding of 
phenylalanyl-tRNA to reticulocyte ribosomes. Somewhat similar results 
using E. coll ribosomes and polynucleotides coupled to agar gel have 
been reported by Petre et al. (1972). Conditions for the elution of the 
active ribosomes from the poly U:Sepharose are extremely important and 
our best efforts to date result in a ribosome preparation which exhibits 
a 3-4 fold enhancement of activity using either the binding of phenyl-
alanyl-tRNA or the synthesis of polyphenylalanine as the test assay 
(Figures 7-9). Such a preparation contains approximately 50-60% active 
ribosomes as the original preparation was about 15% active. As indicated 
in the very first fractions of Figures 4-7» the ribosomes which are not 
bound to the column retain some activity in the two assays. The reason 
for this is unclear; however, if such unbound ribosomes are challenged 
with poly UrSepharose again they do not bind to the column. 
The magnesium ion concentration appears important for the elution of 
the ribosomes from the column in two contrasting ways. First there is a 
limitation on the Mg"*^ concentration above which the ribosomes are not 
++ 
released from the poly U:Sepharose column. However, Mg is very important 
for the stability of the released ribosomes. This problem has been 
++ 
solved to some degree by adding Mg to the eluate of the column. Pre­
liminary experiments indicate that the ribosomes emerge from the column as 
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some form of the 60S and 40S subunlts or as intact ribosomes with an 
expanded conformation. The ribosomal protein pattern of these ribosomes 
appears to be similar to those of the deoxycholate washed ribosomes on 
2-D gels. 
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PART II. STRUCTURAL ALTERATIONS OF RIBOSOMES CONSEQUENT 
TO MESSENGER RNA AND PHENYLALANYL-tRNA BINDING 
Introduction 
It has been recognized for several years that sulfhydryl groups play 
an important role in the function of ribosomes. Previous work (Heintz 
et al., 1966; Traut and Kaenni, 1967) has demonstrated that treatment of 
either mammalian or bacterial ribosomes with thiol reagents decreases the 
activity of ribosomes in polypeptide synthesis and specifically affects 
aminoacyl-tRNA binding. Thiol groups also appear to be involved in 
association of ribosomal subunits. Tamaoki and Miyazawa (1967) obtained 
dissociation of the 70S ribosomes into 308 and 50S subunits by incubation 
of ribosomes with high concentrations of p-chloromercuribenzoate. Using 
p-hydroxymercuribenzoate, Beeley (1971) observed dissociation of canine 
pancreatic ribosomes into subunits which was followed by degradation to 
slowly sedimentating particles. In E. coli sulfhydryl inactivation is 
associated with "damage" in the 30S subunit (Traut and Haenni, 1967; 
Moore, 1971) whereas in mammalian system the 60S seems to be the subunit 
involved in the loss of activity (Bermek e^ al., 1971). With the advent 
of the 2-D electrophoresis system capable of separating individual proteins, 
it became possible to identify the components involved in the thiol 
lesion. Thus, Moore (1971) identified four proteins (SI, S4, S18 and S21) 
which reacted with N-ethylmaleimide leading to the loss of functional 
activity. The reaction of N-ethylmaleimide with protein S18 paralleled 
the N-ethylmaleimide-induced loss of ribosomal activity. In similar 
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experiments, Ginzburg et al. (1973) showed that proteins SI, S14 and S21 
are involved in the binding of aminoacyl-tRNA to the acceptor site. The 
reasons for these discrepancies are not clear. Using iodoacetamide 
Cheng and McAllister (1973) found one protein of the 60S subunit (cor­
responding to one band in the 1-D gel system) to be protected by poly U-
directed phenylalanyl-tRNA binding. Sjbqvist and Hultin (1973) reported 
one protein of the 60S subunit becoming more susceptible to chymotrypsin 
attack after reaction of the 80S particle with p-'hydroxymercurtbenzoate. 
This treatment with p-hydrcxymercuribenzoate strongly inhibited polyphenyl-
alanine incorporation. 
The reactivity of ribosomal proteins to sulfhydryl reagents has been 
used to probe the exposed regions of proteins on the surface of the 
ribosomes. Acharya and Moore (1973) found six reactive thiol groups in 
the native 30S subunits, five reactive thiol groups in the native 50S 
subunits and a total of seven and eighteen buried thiol groups in the 30S 
and 50S subunits respectively. Bakardjieva and Crichton (1974) identified 
proteins SI, S2, S12, S13, SIS, S21, L2, L5, L6, LlO, Lll, LIS, LI?, L20, 
L26+28 and L27 to be the ones which react with iodoacetamide or N-
ethylmaleimide in the native subunits. These authors interpreted the 
J. COLIX i-O UU UlCCLLl CL O WUlCWliCL &_ UlU L C \-V/CH- *_ O (. 1. U1.UA. W J- A. V/ w 
compared with that of the 30S subunit. The reactivity of the various 
coli ribosomal proteins with thiol reagents has also been used to detect 
topography changes during the subunit-70S transition. The reactivities of 
the 30S components to N-ethylmaleimide changes when the 70S complex 
dissociates suggesting conformational differences in the 30S subunit bound 
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in the 70S complex and when it is free (Moore, 1971), Chang (1973) re­
ported that there are several proteins (from both subunits) of the 70S 
ribosome which do not react with N-ethylmaleimide, but which do so after 
dissociation of the 70S particle to free 30S and 50S subunits, again 
implying conformational changes. In this study, the rate of labelling 
with N-ethylmalelmlde is significantly slower than the rate of dissocia­
tion which was interpreted as conformational changes in both ribosomal 
subunits during the dissociation process. 
The objectives of the present research are to obtain quantitative 
and qualitative information about the reticulocyte ribosomal sialfhydryl 
groups involved in protein synthesis. Particularly interesting is the 
fact that changes in the availability and reactivity of sulfhydryl groups 
may be used to probe conformational changes during protein synthesis 
(Steinert et , 1974). A fluorescent label N-(3-pyrene) maleimide (NPM) 
is chcscn for this purpose. The advantage of using a fluorescent label 
is that Information about the mlcroenvironment of the labelled proteins 
may be obtained. Polarization studies may yield information on the shape 
and conformation of the ribosome at different stages of protein synthesis. 
Also with another appropriate fluorescent label, it should be possible to 
obtain the distances between labelled proteins by energy transfer experi­
ments . 
Results 
Since the separation of subunits from 3xD0C ribosomes is necessary to 
locate the various modified thiol groups of the ribosomes, the method of 
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preparation of active and pure (from cross-contamination) subunits is 
investigated. Subunits are obtained by incubation of ribosomes with 
SOinM Tris-HCl, pH 7.5. 0.5M KCl, 3mM MgCl^, 0.5mM puromycin and 3mM DTT 
(Sherton and Wool, 1972). The activity of the large and small subunits 
in polyphenylalanine synthesis and nonenzymic binding is used to measure 
cross-contamination of the subunits. The separation of the subunit 
fractions is influenced by the magnesium concentration in the gradient. 
At 2.5mM MgClg (50mM Tris-HCl, pH 7.5, 0.5M KCl and 30mM g-mercaptoethanol), 
there is an appreciable amount of the 40S subunit present in the 60S sub-
unit peak presumably due to dimerization of the 40S subunits (Figure 11a, 
Table 1). The sedimentation profile using 1.5mM MgCl^ (Figure lib) is 
similar to that of 2.5mM MgCl^ (Figure 11a); however, the 60S and the 40S 
subunits isolated using 1.5mM MgCl^ are relatively free of cross-contamina­
tion as shown by the activity studies (Table 1). At 0.5mM MgCl2, multiple 
peaks are formed In the gradient (Figure 11c). Therefore we have chosen 
to use 50mM Tris-HCl, pH 7.5, 0.5M KCl, 1.5mM MgCl^ and SOraM g-mercapto-
ethanol as the gradient buffer for the preparation of ribosomal subunits. 
Figure 12 shows the result of a large scale preparation of ribosomal sub-
units using a zonal BIV rotor as described in the Methods Section. The 
purity of the ribosomal subunits separated under the chosen conditions is 
also checked by analysis of the ribosomal RNA components in the pooled 
fractions. The rRNAs are prepared from the individual subunits by LiCl-urea 
extraction (Methods) and are analyzed on a 5 to 20% sucrose gradient 
containing O.IM NaCl, ImM EDTA, pH 6.2, (Figure 13). The AOS subunit has 
one RÎJA component corresponding to IBS RÎ3A. The 608 subunit has a fast 
Figure 11. The effect of the MgCl^ concentration in the gradient 
on the separation of rïbosomal subunits. 3xD0C ribosomes 
(5.5 mg) were dissociated as described in the Methods 
Section. Portions of the reaction mixture containing 
1.8 mg were layered on 5 to 25% linear sucrose gradients 
containing 50niM Tris-HCl, pH 7.5, 0.5M KCl, 30mM B-
mercaptoethanol and (a) 2.5mM MgClg, (b) 1.5mM MgCl^ 
and (c) 0.5mM MgCl„. Centrifugation was performed 
in a SW 25.1 rotor at 22500 rpm (51500 x g) for 10.5 
hours. The bottoms of the centrifuge tubes were 
punctured and 1 ml fractions were collected. In 
(a) coli (14c) 50S subunits (from Dr. J. Horowitz) 
were used as a marker (indicated by cpm) 
( 0—0 o) Absorbance 260 nm 
( «a w ) cpm 
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Table 1. The effect of the MgCl. concentration in the gradient on the 
activity of the separated subunits 
Reaction components Polyphenylalanine synthesis 
1 3 .  
C-phe-tRNA pmoles/mg ribosome 
Subunits from 2.5mM MgCl, 
60S 
AOS 
60S + AOS 
102 
0 
750 
Subunits from 1.5mM MgCl, 
60S 
40S 
60S + AOS 
27 
0 
728 
^When combination of 60S and AOS subunits are used, results are 
expressed in mg of AOS; 
^The gradient buffer contained 50mM Tris-HCl, pH 7.5, 0.5M KCl, 
30mM 3-mercaptoethanol and 2.5mM MgClg or 1.5mM MgCl^. 
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Figure 12. Large scale preparation of subunlts. 3xD0C ribosomes 
(170 mg) were dissociated as described in the Methods 
Section and layered on a 5 to 20% linear sucrose 
gradient in a zonal BIV rotor. The gradient buffer 
contained 50mM Tris-HCl, pH 7.5, 0.5M KCl, l.SmM MgCl 
and 30niM g-mercaptoethanol. The fractions were pooled 
as indicated 
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Figure 13. Sedimentation analysis of the ribosomal RNA components 
of the separated subunits. Subunits isolated as 
Figure 12 were made 3M and 4M with respect to LiCl 
and urea, respectively, and shaken for 24 hours at 
4°C. The RNA precipitate was recovered from the 10000 
X g centrifugation, dissolved in 0.05M NaCl, ImM EDTA, 
pH 6.2 and dialyzed against the same buffer. The 
rRNA was layered on a 4 to 20% linear sucrose density 
gradient containing O.IM NaCl, ImM EDTA, pH 6.2 and 
centrifuged at 22500 rpm (51500 x g) for 18.5 hours 
in a SW 25.1 rotor 
(a) RNA from 40S subunits (0.20 mg) 
(b) RNA from 60S subunits (0.37 mg) 
(c) RNA from 3xD0C subunits (0.47 mg) 
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sedimentlng RNA component (28S) and a slow one (5S) which remains at 
the top of the gradient. As with the activity studies, little cross-
contamination of one type of subunit with the other is seen. 
The proteins extracted from the separated ribosomal subunits are 
analyzed by 2-D gel electrophoresis (Methods). The protein patterns are 
shown in Figures 14 and 15 for the AOS and the 60S subunits, respectively. 
Photographs of these electrophoresis gel slabs are presented In Figures 
16 and 17. Altogether, 33 different proteins can be detected from 
the small subunit. The various proteins are numbered, using the pre­
fixes S and L for the 40S and 60S subunits, respectively, according 
to the convention of Wlttmann £t (1971). Proteins SIS and S28 
move anionically at pH 8.6 while all the other proteins move cationically. 
The proteins S2/S3 can be detected as separate spots only when smaller 
amounts of proteins are applied to the gel. The proteins SlO/Sll migrate 
Very clôse to each other and they appear as faint spots when the 
normal amount of protein is applied. The proteins S18, S21, S25, S31 
and S33 can only be seen when larger amounts of proteins are put into 
the gel. For the large subunit, 48 spots can be identified. Only two 
proteins, L3 and L4 move anionically at pH 8.6, in contrast to the 50S 
subunits from E. coll, of which seven proteins move anionically (Wlttmaim 
et , 1971). The proteins L10/L14, and L18/L19 become visible as 
separate spots when larger amounts (1.5 x the usual amount) of proteins 
are used. Spots indicated by open circles appear as distinct spots when 
larger amounts of proteins are used. Other spots, indicated by the dotted 
lines, appear inconsistently In the gels and therefore are not numbered. 
Figure 14. Schematic diagram of the 2-D gel electrophoresis 
of the 40S ribosomal proteins. The solid spots 
are present when the normal amount of protein 
(0.3 mg) is used. The open circles represent 
spots that are seen when larger amounts of 
proteins are applied. The dotted circles 
represent spots which appear inconsistently in 
the gels 
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of the 60S ribosomal proteins. The solid spots 
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Figure 16. Photograph of the 2-D gel pattern of the 40S 
ribosomal proteins 
Figure 17. Photograph of the 2-D gel pattern of the 60S 
ribosomal proteins 
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The reason for the streaking of protein LI is not clear. 
For rabbit reticulocyte ribosomes, the number of proteins in the small 
(40S) subunit has been estimated to be 35 + 5, 33 and 30 by King, et al. 
(1971), Chatterjee (1973) and Huynh-Van-Tan et al. (1974), 
respectively. For the large (60S) subunit, 49 + 12, 40 and 46 proteins 
were found by the same authors. Investigation of ribosomal proteins 
from other eukaryotes yielded 27 and 30 and 42 to 52 and 39 proteins for 
the 40S subunits and 60S subunits from mouse plasmocytoma and rat liver, 
respectively (Sickle and Traut, 1971; Sherton and Wool, 1972). The 
discrepancy in the exact number is not clear and will have to await further 
chemical and immunological studies of these proteins. One reason for this 
variation may be in the different methods of preparation of the subunits. 
For example, the KCl concentration in the sucrose gradients varied from 
0.3M to 0.8M; similarly, MgClg concentrations of 2mM to 12mM were used by 
the various laboratories. However, our protein pattern for the 408 subunit 
is similar to those of Sherton and Wool (1972) and Huynh-Van-Tan e^ 
(1974) where 81 to 826 are identical in position. Huynh-Van-Tan reported 
only one anionic protein which is in the same position as our 828 (Figure 
14). Our 60S subunit protein pattern (Figure 15) is similar to that of 
Sherton and Wool (.1972). Some of our faint spots Lô, LB, LlO, L20, L39, 
L44, L47 and L48 are not present in their 60S subunit. Whether this is 
due to a difference between rat liver and rabbit reticulocytes is not 
clear. Their four anionic proteins (of the 4ns and 608) are in exactly 
the same position as ours. 
The reaction of ribosomes and ribosomal subunits with 5,5*-dithio-bis 
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(2-nitrobenzoic acid) is used to study the availability of sulfhydryl 
groups for the reaction with derivatizing agents in the native ribosome 
as well as for estimating the total number of sulfhydryl groups present 
in the ribosome. An excess of DTNB is used in these studies with the 
expectation that all available or exposed sulfhydryl groups in the native 
ribosome or ribosomal subunit would react. For 3xD0C ribosomes, the re­
action of exposed thiols is essentially complete at 10 minutes at which 
time 15 thiols per ribosome have been substituted. This reaction is 
followed to 30 minutes with no appreciable change. With the native 40S 
subunit, 5 thiol groups per 40S subunit have reacted at 10 minutes, in­
creasing gradually to 7 thiol groups per 40S subunit at 30 minutes. If 
this reaction is continued for a longer period of time (60 minutes), a 
total of 10 thiols per 40S subunit are found to be reactive. Under the 
same conditions, the 60S subunit has 9 reactive thiol groups at 10 minutes, 
increasing to 12 reactive groups at 30 minutes and 14 by 60 minutes. If 
the 40S subunits are refrozen and thawed, 10 thiol groups per 40S subunit 
are substituted by 10 minutes whereas 60S subunits, refrozen and thawed, 
behave the same as the fresh ones. The total number of reactive 
sulfhydryl groups present in the 3xD0C ribosomes and the ribosomal subunits 
Is also iuvebLigaLeù. 7M uiêâ is used to disrupt the secondary structure 
and presumably render all sulfhydryl groups available for reaction with 
DTNB. The reaction of DTNB with ribosomes in urea is complete in 15 
minutes for 3xD0C ribosomes and 20 minutes for the 40S and 60S subunits. 
Table 2 summarizes the results of the reaction of thiol groups with DTNB. 
The reproducibility of the reaction with the same batch of ribosome agrees 
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Table 2. Number of reactive sulfhydryl groups in native and denatured 
ribosomes and ribosomal subunits 
Moles of sulfhydryl groups per mole of ribosome^ 
b c 
Sample Native Denatured 
SxDOC ribosome 15 + 1 125 14
-
40S 7 + 1 47 ± 3 
60S 12 + 1 28 ± 2 
Measured by the DTÎÎB reaction as described in the Methods Section. 
^Groups that have reacted after 30 minutes at 22°C. 
^Reaction is performed in 7M urea at 22°C. 
to within 2%. However, the number of thiol groups varies from one prepara­
tion to another. The standard deviation in Table 2 shows the variation 
over 6 different batches of ribosomes or ribosomal subunits. 
Of the 28 titratable sulfhydryl groups found in denatured 60S subunit, 
12 react in the native Rtrnnture- but onlv 7 n,it- nf LI rhinl o-rmina in i-ho 
40S subunit react. The low level of reactivity of the 40S thiol groups 
in its native structure is quite contrary to the results obtained with E. 
coll where the thiols in the smaller subunit are more reactive (Acharya 
and Moore, 1973). The sum of the total thiol groups of the two subunits 
is less than that found in denatured 3xD0C ribosome. This difference may 
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be due to the loss of material during subunit preparation or incomplete­
ness of the "denaturation." Normally an appreciable amount of 260 nm 
absorbing material is present at the top of the sucrose gradients used 
for subunit separation. This material consists of both RNA and protein. 
The latter is also found to be sulfhydryl positive material. Also the 
low thiol content of the 60S is unclear. A recent report using rat liver 
ribosomal subunits (Nolan and Tailleur, 1974) indicates that there are 27 
thiol groups in the 40S subunit, 67 in the 60S subunit, and a total of 
88 in the 80S ribosome. Steinert e^ al, (1974) show that there are 60 
thiol groups in each of the subunits of rat liver and a total of 120 in 
the 80S particle. The disagreement between the number of thiol groups 
may be due to the different methods in the preparation of the ribosomes 
and ribosomal subunits. Our results show that only a small number of the 
total sulfhydryl groups of the ribosome are readily available for the re-
actiùu with DTNB. The sulfhydryl groups of the 40S subunit arc less re­
active to DTNB which might indicate a more compact 40S subunit or that 
the thiol groups are buried due to the tertiary structure of the ribosomal 
proteins. 
For the use of N-(3-pyrene) maleimide as a conformational probe of the 
ribosome, it is necessary to examine the reaction conditions of NPM with 
the ribosome. NPM is insoluble in water, therefore various organic sol­
vents such as dioxane, acetone and dimethyl sulfoxide (DMSG) must be used 
for NPM. Accordingly the effects of such solvents on ribosome function 
are examined. All three solvents are excellent for dissolving NPM. DMSO 
is the solvent of choice as it interferes only slightly with the activities 
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of the ribosomes (Table 3). Both acetone and dioxane have a much more 
serious inactivation effect on the ribosomes. Since we want to study the 
interaction of the ribosomes with poly U and phenylalanyl-tRNA and the 
effect of such bound "ligands" on the availability and fluorescent 
properties of the thiol groups in native ribosomes, the nonenzymic binding 
buffer is chosen for all reactions. In order to determine the minimum 
time required for reaction of accessible sulfhydryl groups of the ribosome 
with NPM at 37°C, the time course of labelling of 3xD0C ribosomes with 
0.2mM and its effect on nonenzymic binding and polyphenylalanine 
synthesis is examined. The reaction of NPM with ribosomes at 0°C is 
taken as the zero time for the reaction, and as can be seen in Figure 18, 
there is a substantial amount of reaction of NPM with the ribosomes at 
"zero time." The maximum inhibition of nonenzymic binding and poly­
phenylalanine synthesis activities is 75% to 95% depending on the various 
hatches of ribosomes used. The labelling reaction is complete in 10 to 
15 minutes. 
The effect of the concentration of NPM on the reactivity of available 
sulfhydryl groups is shown in Figure 19. The fluorescence intensity 
changes very rapidly at low concentrations of NPM which is followed by a 
slower linear increase. The inhibition of functional activities upon 
binding of NPM is shown in the same figure. The concentration giving half-
maximal inhibition is approximately 0.02mM (2 x 10 ^ M). At 2 mg/ml, the 
-7 
ribosome concentration is 5 x 10 M and the total number of thiol groups 
-5 is 6.25 x 10 M (assuming 125 moles thiol groups per mole of ribosome). 
Apparently only a small portion of the total thiol groups are reacted at 
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Table 3. The effect of DMSO on rlbosomal activities 
^^C-phenylalanyl-tRNA pmoles/mg ribosome 
Reaction components Nonenzymic Polyphenylalanine 
binding synthesis 
3xD0C ribosome control 40 401 
3xD0C ribosome + 7% DMSG^ 39 324 
3xD0C ribosome + 0.2mM NPM in DMSG^ 15 106 
^Final volume of DMSO in the reaction mixture is 7%. 
0,02mM indicating that some or all of these thiol groups are crucial to 
the activity of the ribosome. 
Since it is difficult to convert fluorescence intensity to actual 
amount of NPM reacted, ^^C-NPM is used to quantitate this reaction as 
described in the Hethods Section. Figure 20 shows chat about 30 moles of 
thiol groups per mole of 3xD0C ribosome are derivatized rapidly while the 
other thiol groups react more gradually until approximately 112 moles of 
NPM are bound per mole of ribosome at 2mM NPM. There are 125 moles 
sulfhydryl groups per mole of denatured 80S ribosome, so at 2mM NPM 
almost all the sulfhydryl groups are labelled, indicating that high NPM 
concentrations have an unfolding effect on the ribosome. The shape of the 
fluorescence intensity curve (Figure 19) and labelling curve (Figure 
20) are similar. The derivatization of about 30 moles sulfhydryl groups 
per mole of ribosome represents greater than 60% loss of activity. 
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Figure IS. The tise course of reaction of I\rH with rioosomes and 
its effect on ribosomal activity. Ribosomes (2 mg/ml) 
were labelled with 0.2#I NPM in the nonenzymic binding 
buffer (Methods). At various time points, aliquots 
were removed for the measurement of fluorescence 
intensity (X 345 nm; X 397 nm) and the nonenzymic 
binding and polyphenylalanine synthesis assays (Methods) 
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Figure 19. The effect of varying the concentration of NPM upon 
its reaction with ribosomal sulfhydryl groups. 
Ribosomes (2 mg/ml) were reacted with various concen­
trations of NPM at 37°C for 10 minutes. Fluorescence 
intensity and activity assays were determined as 
described in the Methods Section. 
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Figure 20, Moles of NPM bound per mole of ribosome at various concentrations of NPM. 
Ribosornes (2 mg/ml) were^ reacted with various concentrations of ^'^C-NPM at 37°C 
for 10 minutes,. Moles of ^^C-NPM bound were determined as described 
in the Methods Section 
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Since both ribosome subunits contain sulfhydryl groups, experiments 
are performed to localize the inactivation due to NPM. 3xD0C ribosomes 
(2 mg/ml) are reacted with 0.2inM NPM (60% loss in activity) and 60S and 
40S subunits are prepared from the treated 80S ribosomes. Control sub-
units are prepared in the same way except in the initial reaction NPM 
is omitted. Different combinations of the thiol blocked and normal sub-
units are used in the polyphenylalanine synthesis and nonenzymic binding 
assays using a weight ratio of 60S/40S of 3 to 3.5. As shown in Table 4, 
inhibition occurs only when 60S subunits derived from NPM treated 80S 
particles are used. 
The reaction of NPM with the individual subunits is investigated: 
(1) to examine if there is any difference in activity between subunits 
from NPM reacted 80S ribosomes and subunits individually reacted with NPM 
and (2) to investigate if association of ribosomal subunits as in the 80S 
particle might partially protect them against reaction with sulfhydryl 
reagents. 
60S and 40S subunits are prepared as described in the Methods Section. 
60S subunits (1.25 mg/ml) are incubated vriLth three different concentrations 
of NPM; 0.02mM, 0.2mM and 2ioM at 37°C for 10 minutes in nonenzymic 
binding buffer. At the end cf the incubation period, excess (3-mercapto-
ethanol is added to stop the NPM reaction. The excess B-mercaptoethanol 
does not activate or inhibit the peptide bond forming activities. 40S 
subunits (0.75 mg/ml) are labelled in the same manner. The labelled sub-
units are used immediately in the polyphenylalanine synthesis and nonenzymic 
binding assays. The results are shown in Table 5. From the results of the 
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Table A, The activity of subunits from NPM (0.2inM) reacted 80S 
ribosomes and normal ribosomes 
14 a 
C-phenylalany1-tRNA pmoles/mg ribosome 
Reaction components Nonenzymic Polyphenylalanine 
binding synthesis 
60S 0 0 
40S 0 0 
60S + 40S 19 701 
NPM-60S^ 0 0 
NPM-40S^ 0 0 
NPM-60S^ + NPM-40S^ 3 92 
NPM-60S^ + 40S 6 164 
60S + NPM-40S^ 13 510 
^When combinations of 60S and 40S subunits are used, results are 
expressed in mg of 408 subunit. 
^NPM-60S and NPM-40S subunits were prepared from NPM derivatized 
3xD0C ribosomes. 
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Table 5. The activity of ribosomal subunits reacted at various NPM 
concentrations 
14 a 
C-phenylalanyl-tRNA pmoles/mg ribosome 
Reaction components Nonenzymic Polyphenylalanine 
binding synthesis 
60S 1 13 
40S 0 6 
60S + 40S 27 492 
At 0.02mM NPM 
NPM-60S + NPM-40S 11 218 
NPM-60S + 40S 14 222 
60S + NPM-40S 27 456 
At 0.2mM NPM 
NPM-60S + NPM-40S 10 159 
NPM-60S + 40S 14 146 
60S + NPM-40S 28 501 
At 2inM NPM 
NPM-60S + NPM-40S 7 110 
NPM-60S + 40S 10 27 
60S + NPM-40S 17 251 
^When combinations of 60S and 40S subunits are used, results are 
expressed in mg of 40S subunit. 
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activity assays of NPM reacted subunits, it is obvious that the 60S sub-
unit is the major site of inactivation by NPM and it is equally inhibited 
when assayed with control or NPM treated 40S subunits. The percentage of 
maximum inhibition seen using NPM reacted 60S subunits and NPM reacted 
40S subunits is similar to that seen with subunits prepared from NPM 
derivatized 80S ribosomes. 
The determination of the number of sulfhydryl groups associated with 
each of the subunits from NPM labelled 80S is not very successful due to 
16 
the loss of proteins on dissociating the ribosomes. Using 'C-NPM, we 
found about 50% of the radioactivity is associated with the top of the 
gradient. The same problem of recovering reacted proteins has been re­
ported from various other laboratories (Moore, 1971; Huang and Cantor, 
1972). The reason for this result is unclear. 
Samples of treated 80S are analyzed to see if any dissociation has 
cccurrcd during NPM labelling. Riboscmes (2 mg/ml) are reactcd with 0.02mK, 
0.2mM and l.OmM NPM at 37°C for 10 minutes. They are passed through 
Sephadex G25 to remove unreacted reagent. Each sample is put onto two 
sucrose gradients: (1) a 5 to 25% linear sucrose gradient in enzymic 
binding buffer, (2) a "dissociating" gradient similar to that used in the 
preparation of ribosomal subunits. Figure 21 illustrates the sedimentation 
pattern using the gradient in enzymic binding buffer. The ribosomes are 
sedimentating as 80S particles. However, when the "dissociating" gradient 
is used (Figure 22) two peaks are observed corresponding to the 4OS and 
60S subunit. Control ribosomes are treated in a similar manner except that 
NPM is omitted in the incubation. Since ribosomes are treated in the same 
Figure 21. Sedimentation analysis of NPM treated ribosomes çç 
a linear sucrose gradient containing moderate Mg 
and salt concentrations. Ribosomes (2 mg/ml) were 
reacted with NPM at various concentrations: (a) 
0.02inM, (b) 0.2mM, (c) l.OmM and (d) zero mM at 37°C 
for 10 minutes. Approximately 1 mg of ribosomes were 
layered on each gradient (5 to 25% linear sucrose 
gradient containing 67mM KCl, 6.7mM MgClo, 33mM Tris-
HCl, pH 7.5). Sedimentation was at 22000 rpm (59500 x g) 
for 9 hours in a SW25.2 rotor 
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Figure 22. Sedimentation analysis of NPM treated ribosomes using 
a dissociating gradient. Ribosomes (2 mg/ml) were 
reacted with NPM at the following concentrations: 
(a) 0.02mM, (b) 0.2mM, (c) l.OmM and (d) zero mM 
at 37°C for 10 minutes as described in the Methods 
Section. The linear gradients consisted of 5 to 25% 
sucrose in 50raM Tris-HCl, pH 7.5, 0.5M KCl, 1.5mM MgCl.. 
Sedimentation was at 22000 rpm (59500 x g) for 9 
hours using a SW 25.2 rotor. Approximately 1.2 mg 
of ribosomes were used in (a) and (c) and 1.5 mg in 
(h) and (d) 
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way with the same concentration of NPM before putting on the gradient, 
it is the gradient condition that causes the dissociation effect. No 
effect of NPM is apparent on the dissociation process in these experi­
ments. Since the polyphenylalanine synthesis and nonenzymic binding 
assays are performed using moderate (Figure 21) and higher magnesium 
concentrations respectively, the decrease in ribosomal activity is not 
due to dissociation of the 80S ribosome. 
Samples of treated ribosomes are analyzed for the optimum Mg^ con­
centration in the nonenzymic binding and polyphenylalanine synthesis 
assays in order to rule out that the inhibition of these activities is due 
to a shift in the Mg"^ optimum caused by structural changes in the 
ribosomes. Ribosomes treated with 0.02mM or 0.2mM NPM and control ribosomes 
are assayed at various Mg^ concentrations for the nonenzymic binding of 
phenylalany1-tRNA. Figure 23 shows that the Mg^ concentration curves for 
rnp control 3xD0C ribosomes aim the Lreated ribosomes are similar, 
++ ++ 
plateauing at high Mg for this binding assay. Similarly the Mg 
optimum of the polyphenylalanine synthesis is the same for the NPM treated 
ribosomes as that found for the control ribosomes (Figure 24). Therefore, 
the inhibition due to the NPM reaction is not due to a shift in the Mg^ 
optimum for these assays. 
The ribosomal proteins which react with NPM (0.2mM) under the labelling 
conditions described are identified by disc gel electrophoresis. Under 
ultraviolet light there are two fluorescent bands (I and V) slightly 
visible (Figure 25). When the fluorescence intensity of the proteins, ex­
tracted from the gel, is examined (Methods), three more additional 
Figure 23. Magnesium optimum of nonenzymic binding of phenylalanyl-
cRI^A to 1^1 reacted ribosomes. Nonenzymic binding 
of phenylalanyl-tRNA to NPM treated 3xD0C ribosomes 
was carried out as described in the Methods Section. 
The buffer used in the assay contained 33mM Tris-
HCl, pH 7.5, 6.7mM KCl and MgCl^ as indicated 
(A A A) control 3xD0C ribosomes 
(o o o) 3xD0C ribosomes with 0.02mM NPM, 
(» s e) 3xD0C ribosomes with 0.2mM NPM 
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10 15 20 25 
MAGNESIUM CONCENTRATION (mM) 
Magnesium optimum of polyphenylalanine synthesis of MPM 
reacted ribosomes. Polyphenylalanine synthesis of 
NPM treated 3xD0C ribosomes was carried out as 
described in the Methods Section. The buffer used 
in the assay contained: 33mM Tris-HCl, pH 7.5, 
67mM KCl and NgClg as indicated 
-à) 
(o-
control 3xD0C ribosomes 
3xD0C ribosomes with 0.02mM NPM 
(&- jX DOC ribosomes with 0. 2mM ÎIPM 
Figure 25. Schematic representation of the 80S ribosomal proteins 
separated by disc gel electrophoresis. Ribosomes 
(2 mg/ml) were reacted with 0.2mM NPM as described 
in the Methods Section. The proteins were analyzed 
by disc gel electrophoresis (Methods). A parallel 
gel is run for the purpose of fluorescence measure­
ments. The Roman numerals refer to fluorescent bands. 
Since small differences exist in the patterns from 
different runs, IV can be assigned to either of the 
two bands 
95 
© 
EZZZ 
: iv 
i l l  
I I  
I 
0 
96 
bands (II, III and IV) exhibit slightly higher fluorescence intensity 
than background. Similar studies have been performed using the 2-D 
electrophoresis system to get all the proteins separated as individual 
spots. However, visually no fluorescent spots can be detected and the 
fluorescence intensity as determined by the laboratory-built fluorimeter 
is also very low. More ribosomal protein applied to the 2-D gel system 
which carries the risk of overloading and loss of resolution and a more 
sensitive fluorimeter are required to identify the fluorescent proteins. 
Due to the above liiuiLations, another sulfhydryl reagent with a 
3 
structure similar to NPM, N-ethylmaleimide, ( H-labelled with high specific 
activity), is used for the identification of the proteins. The structures 
of these two reagents as well as that of DTNB are shown in Figure 26. 
NEM pretreated ribosomes bind very little NPM as shown by the significant 
decrease in fluorescence intensity (Table 6) indicating that they are re­
acting with the same sites. The number of sulfhydryl groups that react 
with increasing concentration of NEM is illustrated in Figure 27. Also 
shown in the same figure is the inactivation of polyphenylalanine synthesis 
and the nonenzymic binding of phenylalany1-tRNA. Up to 0.5mM NEM, the 
labelling and inactivation of ribosomal activities curves using NEM (Fig­
ure 27) are similar to that found for NrM (Figures 19 and 20). However, 
the labelling curve is different in the two cases at high reagent con­
centrations. The increase of labelling of NPM at high concentrations may 
be due to the size and hydrophobicity of the pyrene group. As more NPM 
reacts with the ribosome, the ribosome starts to "loosen" and so more 
sulfhydryl groups are exposed. In the case of NEM, the smaller molecule 
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Table 6. Comparison of NPM binding using NEM treated 3xD0C ribosomes 
and control ribosomes 
Reaction Components 
3 
First incubation Second incubation moles H-NEM/ Fluorescence 
mole ribosome intensity 
3xD0C ribosomes 0,2mM NPM 0 32 
3xD0C ribosomes + 0,2mM NPM 28 
0.02mM 3h-NEM 
3xD0C ribosomes + 0.2iriM NPM 39 
0.2mM %-NEM 
The first incubation was carried out in the nonenzymic binding 
buffer for 37°C for 10 minutes as described in the Methods Section. 
An aliquot of each reaction mixture was taken for a hot TCA 
precipitation to determine the moles of NEM bound per mole of 
ribosome. The remaining reaction mixture was incubated with 0.2mM 
NPM. The ribosomes were isolated from the unreacted reagents by 
passing through a Sephadex G25 column and the fluorescent intensity 
was measured as described in the Methods Section. 
Figure 27. The reaction of NEM vith ribosomal thiol groups and Its effect on 
ribosomal activity. Ribosomes (2 mg/ml) were reacted with varying 
concentrations of 3h-NEM at 37°C for 10 minutes (Methods). The 
amount of NEM bound was measured by a hot TCA-preclpitation of the 
ribosomal proteins. The polyphenylalanine synthesis and non-
en zymic binding assays were performed as described in the Methods 
Section 
(o o o) moles NEM bound/mole ribosome 
(a— (») nonenzymic binding 
(h A A) poly phenylalanine synthesis 
MOLES NEM BOUND/MOLE RIBSOME 
—' rv) oj 4==» 
o o o o 
,>e 
Il I 
Co 
o o 
Al IAI iDV dO SSOl l  
OOT 
101 
does not have such an effect and the labelling gradually levels off when 
all the accessible groups are reacted. Different labelling curves using 
DTNB and NEM have been reported by Traut and Haenni (1967). Tamaoki and 
Miyazawa (1967) found that the order of effectiveness of thiol reagent-
induced dissociation is: p-chloromercuribenzoic acid>0TNB>NEM>iodoacetamide. 
Using different sizes of aldehyde to modify the accessible lysine residues 
of coll ribosome, Moore and Crichton (1974) reported the same pattern 
of alkylation with the four reagents (formaldehyde, acetone, 
benzaldehyde and 3,4,5-trimethoxybenzaldehyde) used. So whether reagent 
size or hydrophobicity causes a different labelling pattern is not clear. 
There are now accumulated data that the conformation of the ribosome 
changes during the various steps of peptide chain elongation such as mRNA 
and/or aminoacyl-tRNA binding (Chuang and Simpson, 1971, Vournakis and 
Rich, 1971, Steinert et , 1974). The effects of mENA and aminoacyl-
on the riuorêscént properties of ÎÎP" substituted riboscmes may pro­
vide information on such conformational changes. Before the effect of the 
binding of poly U or phenylalanyl-tRNA on the reaction of NPM with ribo-
somal thiol groups can be assessed, it is necessary to establish that the 
prebound poly U or phenylalanyl-tRNA is stable to the NPM reaction con­
ditions. When •'"'^C-phenylalanyl-tRNA is bound nonenzymically to the 
reticulocyte ribosomes (Methods) and then NPM (final concentration, 0.2mM) 
is added to the reaction mixture, the level of ribosome bound phenylalanyl-
tRNA falls only very slowly for at least 25 minutes at 37°C (Figure 28). 
Normally the reaction with NPM is carried out for only 10 minutes. Similar 
experiments using NEM also show that prebound phenylalanyl-tR^JA is stable 
102 
TIME (MIN) OF REACTION WITH NPM 
Figure 28. Stability of prebound phenylalanyl-tRNA during the reaction 
with IytH. Ribosomes were incviuated wiLli lalctuyl-
tRNA at 37°C for 8 minutes, then NPM (0.2mM) was added 
and the incubation was continued. At various times of 
the second incubation, aliquots of the reaction mixture 
were removed and the ^'^C-phenylalanyl-tRNA that remained 
bound to the ribosomes was measured by raillipore 
filtration 
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to the subsequent reaction of ribosomal thiol groups with NEM. If H-
poly U is used in the nonenzymic binding reaction, then NPM (O.ZmM) added 
and the reaction continued for 10 minutes at 37°C, the ribosomes retain 
labelled poly U as shown by Sepharose 5B gel filtration (Figure 29). The 
O 
amount of H-poly U bound to the ribosomes in this experiment is essentially 
the same as that of a control in which the NPM reaction is omitted (Table 
7). Similar results are obtained for NEM. 
When phenylalanyl-tRNA is bound to the ribosomes, the inactivation 
of the ribosomes by bîPM is markedly decreased (Figure 30). Tais figure 
shows the protection by bound phenylalanyl-tRNA against the loss of poly­
pheny lalanine synthesis activity. Similar results are found when 
phenylalanyl-tRNA binding is measured. Prior binding of poly U gives a 
75% protection of activity in the polyphenylalanine synthesis assay. Also 
similar results are found when NPM is replaced by NEM (Figure 31). Possible 
differences in ribosomal conformation leading to this protective effect 
are investigated by measurement of the fluorescence intensity and polari­
zation of fluorescence of NPM bound to the ribosomes. Three separate re­
action mixtures; 3xD0C ribosomes alone, 3xD0C ribosomes plus poly U, and 
3xD0C ribosomes plus poly U and phenylalanyl-tRNA are prepared. After 
preincubation, rïFH is added, incubation continued for 10 minutes, the re­
action mixture passed over Sepharose 68, and the fluorescence intensity 
and polarization of the ribosomal bound NPM measured (Methods). The 
results of such an experiment are illustrated in Table 8. At 0.2tnM NPM, 
the fluorescence intensity of ribosomal bound NPM from the reaction mixture 
in which poly U and phenylalanyl-tRNA are omitted is only slightly higher 
Figure 29. Stability of prebound poly U during the reaction with NPM. Ribosomes 
were incubated with ^ H-poly U in the nonenzymic binding buffer at 37°C 
for 8 minutes, then NPM (0.2mM) was added and the incubation was 
continued for 10 minutes. The reaction mixture (1.2 ml) was passed 
through a Sepharose 6B column (15 ml), 0.7 ml fractions were 
collected, and their absorbance at 260 nm and radioactivity were 
determined 
(g>- @ -®) E.bsorbance 260 nm 
(Qb* =» •— "*0 ) cpm 
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Table 7. Comparison of poly U bound after reaction with HPM or NEM to 
3xD0C ribosomes 
Reaction Components^ 
3 
First incubation Second incubation cpm H-poly U per 
absorbance unit at 
260 nm 
3xD0C ribosomes + 
^H-poly U — 135 
^H-poly U 0,2mM NPM 124 
3xD0C ribosomes + 
^H-poly U 0.2mM MEM 127 
The first incubation was carried out in nonenzymic binding buffer 
at 37"C fur 8 minutes. Î™' (0.2ûiî') or ÎÎEM (0.2:3%) v;crc added in the 
second incubation and the amount of ^H-poly U bound to these ribosomes 
was compared to that of control 3xD0C ribosomes. The results are 
expressed as cpm of -'H-poly U per absorbance unit (at 260 nm) of the 
material in the ribosome peak. 
Figure 30. Protection of ribosomes against NPM inactivation by 
ribosomal bound poly U or phenylalanyl-tRNA. 
Phenylalanyl-tRNA was nonenzymically bound to 
3xD0C ribosomes as described in the Methods Section. 
NPM (0.2mM) was then added to the binding reaction 
mixture and incubation continued at 37°C. At 
various times, aliquots were removed and assayed 
for polyphenylalanine synthesis. Two other reaction 
mixtures, 3xD0C ribosomes alone or 3xD0C ribosomes 
X'Tith poly U in the initial incubation mixture were 
performed in a similar manner 
(A Û A) 3xD0C ribosomes alone. 
( » — -  _ e )  3 x D 0 C  r i b o s o m e s  w i t h  b o u n d  p o l y  U .  
(o——o o) 3xD0C ribosomes with nonenzymically 
bound phenylalanyl-tRIm. 
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Figure 31, rrocection, oi ribuaOmcs against NEM inactivaticr. by 
rlbosoraal bound poly U or phenylalanyl-tRNA. Experi­
mental procedures were similar to that of Figure 30 
except NPM was replaced by NEM in the second incubation 
(A A A) 3xD0C ribosomes alone 
( ©  5  s )  I x D O C  r l b o f i d m o f i  w J t l i  I m u n d  p o l y  U  
(o o ()) )xl)()(; I'I l)()H()in(."i; wJlli iiDiK'ii/.yinl en 11 y l)omul 
phenylalany 1 -tllNA 
Table 8. Polarization and fluorescence intensity of ribosomal bound NPM 
Reaction components Polarization Fluroescence intensity 
0.2mM NPM and 2 mg/ml 3xD0C ribosomes 
KPy-(2xDCC ribosomes) 
NPM-(3xD0C ribosomes + poly U) 
KPM-(3xD0C ribosomes + poly U + phenylalanyl-tRNA) 
,13 
,15 
,15 
1320 
1100 
1030 
O.OSSmM NPM and 2 mg/ial 3xD0C ribosomes 
NPM-(3xD0C ribosomes) 
NPM-(3xD0C ribosomes 4- poly U) 
NPM- (3xD0C ribosomes 4- poly U + phenylalanyl-tRNA) 
,21 
,21 
.21 
500 
390 
250 
Ill 
than that from the reaction mixtures containing poly U or poly U and 
phenylalanyl-tMA. However, the polarization appears to be significantly 
increased in the latter two cases. Using a lower concentration of NPM 
(O.OSSfflM), however, there is no change in the polarization values comparing 
one case with another and the polarization values are all significantly 
higher than those seen using the higher concentration of NPM. As only a 
small percentage (approximately 15%) of the ribosomes in such reaction 
mixtures bind phenylalanyl-tRNA and poly U, polarization changes of the 
NPM fluorescence due to ribosomal bound poly U or phenylalanyl-tRNA may 
be masked somewhat by the excess of inactive ribosomes which also carry 
NPM groups. Therefore a ribosome preparation, released from a poly U: 
Sepharose column (Part I), which is significantly more active in both 
phenylalanyl-tRNA binding and polyphenylalanine synthesis is used in 
similar experiments. In this case a much greater increase in the polari-
zation of rinnanmAÏ îTPî»! fluoreaceiice is seen with ribosomes carrying 
phenylalanyl-tRNA and poly U compared with just the ribosomes alone (Table 
9), Just ribosomes and poly U in the initial incubation mixture give an 
intermediate value. There is little difference in the fluorescence 
intensity among the three cases. The ribosomes which did not bind to 
the poly U;Sepharose column show little or no increase in polarization. 
Ribosomal bound chromopores as NPM may possibly be used as probes 
for ribosomal subunit structure and conformational changes thereof. For 
example, factors that are known to Influence ribosomal structure can be 
used to see if there are any consequent differences in the fluorescent 
properties of each of the tIPM darivatized subunits. Since concentration of 
Table 9. Comparison of polarization and fluorescence intensity of NPM derivatized "active" 
and "inacti-ve" ribosoines 
Reaction components Polarization Fluroescence intensity 
O.OlmM NPM and 1 mg/nJ. "active" ribosom^ 
NPM-(ribosomes) 0,15 320 
OTM-(ribosomes + poly U) 0.16 290 
NPM-(ribosomes + poly U + phenylalanyl-l;IlNA) 0.20 320 
O.OlmM NPM and 1 mg/ml "unbound" ribosories^ 
l-JPM-(ribosomes) 0.21 490 
NPM-(ribosomes + poly U) 0.19 360 
NPM-(ribosomes + poly U + phenylalanyl-nltNA) 0.22 320 
^ibosomes that were bound to a po.'Ly U:Sepharose column and subsequently released (Part I). 
^Ribosomes that were not bound to che poly UrSepharose column (Part I). 
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monovalent and divalent cations plays an important part in affecting 
ribosomal structure (Hamilton and Petermann, 1959; Hultin and Ostner, 
"H" 
1968), the influence of different concentrations of Mg at a fixed con-
*4" 
centration of K (or vice versa) on NPM derivatized subinits is investi-
-H-
gated (Figures 32-35). Varying the Mg concentration at different KCl 
concentration has little effect on the polarization of ribosomal bound 
NPM for either subunit (Figures 32 and 33) except for the case of the 40S 
subunits from ribosomes carrying phenylalanyl-tRNA in a medium containing 
a relatively low KCl concentration (6.7 or 45mM). Here a definite maximum 
of polarization is seen at 13mM MgClg which decreases on either raising or 
lowering the MgCl^ concentration (Figure 32). Also at a low (6.7mM) KCl 
concentration the 40S subunits prepared from the reaction mixture of 
ribosomes, poly U and NPM, show a strong increase in polarization with 
increasing MgCl^ concentration. The effect of the monovalent and divalent 
C2tio" onnr.enrrarion on Lue polarization of ribosomal bound NPM is perhaps 
best seen by plotting the polarization values against the KCl concentration 
at various MgCl^ concentrations (Figures 34 and 35). Again, little effect 
is seen using the NPM-60S subunit derived from ribosomes from reaction mix­
tures containing: just 3xD0C ribosomes, ribosomes plus poly U or ribosomes 
plus poly U and phenylalanyl-tRNA. However, the polarization of NPM 
bound to the 40S subunits shows a very definite decrease as the KCl con­
centration is raised for all three types of reaction mixtures (Figure 34). 
Also the polarization values for the 60S subunit are smaller than those for 
the 40S subunit. This may indicate a difference in the structures of the 
subunits, perhaps the 40S subunit being a more compact, rigid structure 
Figure 32. Polarization changes of the NPM derivatized 40S 
subunits at various MgCl^ concentrations. 40S 
subunits were prepared from NPM derivatized SxDOC 
ribosomes, 3xD0C ribosomes plus poly U, and SxDOC 
ribosomes plus poly U and phenylalanyl-tPvNA as 
described in the Methods Section. The KCl 
concentrations were held constant at 500mM, 45inM 
and 6.7mM 
(A Û -A) 
( ©— " ) 
40S subunits from NPM-(3xD0C 
ribosomes) 
40S subunits from NPM-(3xD0C 
ribosomes + poly U) 
(o 0 o) 40S subunits from NPM-(3xD0C 
ribosomes + poly U + 
phenyialanyl-cRiNÂ) 
P O L A R I Z A T I O N  
Figure 33. Polarization changes of the NPM derivatized 60S 
subunits at various MgClg concentrations. 60S 
subunits were prepared from NPM derivatized 
3xD0C ribosomes, 3xD0C ribosomes plus poly U, 
and 3xD0C ribosomes plus poly U and phenylalanyl-
tREA as described in the Methods Section. The 
KCl concentrations were held constant at SOOmM, 
45mM and 6.7raM 
(A A A) 
(  0—  — - s — — )  
60S subunits from NPM-(3xD0C 
ribosomes) 
60S subunits from NPM-(3xD0C 
ribosomes + poly U) 
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Figure 34. Polarization changes of the NPM derivatized 40S 
at various KCl concentrations. 40S subunits 
were prepared from NPM derivatized SxiiûC ribosomes, 
3xD0C ribosomes plus poly U, and SxDOC ribosomes 
plus poly U and phenylalanyl-tRNA as described 
in the Methods Section. The MgCl^ concentrations 
were held constant at 25mM, IS.SmH and ImM 
(A Û A) 40S subunits from NPM-(3xD0C 
ribosomes) 
(o_—s 9) 40S subunits from NPM-(3xD0C 
ribosomes + poly U) 
(o o——o) 40S subunits from NPM-(3xD0C 
ribosomes + poly U + 
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Figure 35. Polarization changes of the NPM derivatized 
60S at various KCl concentrations, 60S subunits 
were prepared from NPM derivatized 3xD0C 
ribosomes, 3xD0C ribosoraes plus poly U, and 
3xD0C ribosomes plus poly U and phenylalanyl-
tRNA as described in the Methods Section. The 
MgCl„ concentrations were held constant at 
25mM; 13.3niM and ImM 
(A A Û) 60S subunits from NPM-
(3xD0C ribosomes) 
—_«) 60S subunits from NPM-
(3xD0C ribosomes + poly U) 
(rv .n. , .n) 6ÛS Rnniin-i rs frnm ivPH-( ivîtOf; 
ribosomes + poly U + 
phenylalanyl-tRNA) 
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than the 60S subunit. Also the polarization values decrease under con­
ditions in which a loosening of the structures of the ribosomal subunits 
is expected; for example, raising the KCl concentration at a fixed MgClg 
concentration (Huitin and Ostner, 1968). This effect is more pronounced 
for the 40S subunit (Figure 34) compared with the 60S subunit (Figure 35). 
In general, the polarization value of the subunits from the reaction mix­
ture containing 3xD0C ribosomes and NPM is lower than those from reaction 
mixtures containing ribosomes, poly U, and NPM or ribosomes, poly U, 
phenylalanyl-tRNA and NPM. Such fluorescence measurements, of course, 
reflect contributions of all NPM substituted thiols of the ribosome or 
ribosomal subunits prepared under a given set of conditions. Therefore 
the polarization of ribosomal bound NPM is examined as the degree of NPM 
substitution on the thiols of the ribosomes is increased (Figure 36). As 
the degree of NPM derivatization is increased by increasing the NPM con-
eentration the polarization values drop indicating that the more reactive 
or more accessible sites for NPM substitution on the ribosome are located 
in regions in which they are less flexible. Since temperature is an im­
portant factor that influences the degree of polarization, the effect of a 
change of temperature on such bound NPM is studied. Figure 36 shows that 
the Initial NPM groups are less affected by the rise in temperature than the 
more flexible ones. This agrees with the fact that the initial NPM are 
bound to a more rigid environment and have less freedom of rotation. 
In order to attempt to localize the NPM substituted thiol groups which 
are contributing to the various effects seen in the above experiments, the 
ribosomal proteins of each subunit are separated on 2~D gels. Due to the 
Figure 36. Changes Iti fluorescence intensity and polarization of fluorescence of NPM 
derivatlzed ribosomes at various NPM concentrations. 3xD0C ribosomes 
(2 mg/ml) were reacted with various concentrations of NPM (O.OOSmM to 
0.2mM) and isolated (Methods) for fluorescence measurements. The 
fluorescence measurements were made at two temperatures : 7°C and 37°C 
(O" -o) polarization of NPM derivatized 3xD0C ribosomes, 
measured at 7°C 
(&-- -A) polarization of NPM derivatized 3xD0C ribosomes, 
measured at 37°C 
(o e—•—«) fluorescence intensity of NPM derivatized 3xD0C 
ribosomes, measured at 7°C 
(Ar 6 à) fluorescence intensity of NPM derivatized 3xD0C 
ribosomes, measured at 37°C 
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difficulty in detecting the fluorescent proteins on 2-D gels, the ribosomal 
3 
proteins are labelled with H-NEM in order to locate the reacted proteins. 
Ribosomes alone or with bound poly U or with nonenzymlcally bound 
3 
phenylalanyl-tRNA are reacted with 0.045 or 0.2mM H-NEM. The labelled 
proteins are separated via 2-D gel electrophoresis and counted (Methods). 
Figures 37 and 38 show the labelling pattern of ribosomal proteins by 
3 
H-NEM using 3xD0C ribosomes. The radioactivity in each protein is ex­
pressed as a percentage of the total radioactivity of the protein spots. 
In this way, gels from different runs with different amounts of NEM and 
different amounts of proteins can be compared. Proteins containing radio­
activity of less than 5% are disregarded due to the difficulties in 
quantitating the low radioactivity and consequent lack of reproducibility 
in counting these proteins. Proteins S2/S3, L10/L14, L18/L19 (Figures 
37-40) are represented together rather than individually because they 
comigrate in some of the gels making the radioactivity of the individual 
proteins difficult to assess. The comparison of the labelling patterns of 
3xD0C ribosomes alone, 3xD0C ribosomes with bound poly U and 3xD0C ribosomes 
with bound phenylalanyl-tRNA is shown in Figures 39 and 40. The most 
significant changes in the 40S subunits occur with proteins S2+S3, SIS, 
S29 and 532. Proteins 52+53 and 332 show a decrease in the amount cf NEM 
bound upon the binding of poly U and phenylalanyl-tRNA. This observation 
is interesting in light of the protective effect of these molecules on the 
NEM or NPM inactivation of ribosomal activity. Protein SIB is more highly 
labelled upon poly U binding compared with the ribosomes alone or the 
ribosomes plus poly U and phenylalanyl-tRNA. Protein S5 (Figure 37) 
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Figure 38. Labelling pattern of the proteins of the 60S subunlts derived from NEM 
derlvatlzed 80S rlbosomesi 
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S2+S3  S18 S29  S32 
Figure 39. NEM reactive proteins of the 40S subunits. SxDOC 
ribosomes (2 mg/ml) or SxDOC ribosomes plus poly U 
or SxDOC ribosomes plus poly U and phenylalanyl-tRNA 
were reacted with NEM (0.045raM) at 37°C for 10 minutes 
(Methods). The subunits from the treated 80S were 
analyzed for radioactivity via 2-D gel electrophoresis 
(i • I) 3xD0C ribosomes alone 
( \XSX\X\S> ) 3xD0C ribosomes plus poly U 
( ) 3xD0C ribosomes plus poly U and 
phenylalanyl-tRNA 
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Figure 40. NEM reactive proteins of the 60S subunits. Procedures 
were the same as Figure 39 
( l~ 11 3x000 ribosomes a]one 
(sXXXXXWV ) 3xU0C ribosomes plus poly U 
( ) 3xD0C ribosomes p] ue poly U and 
phenylalany]-tRNA 
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contains about 35% of the total radioactivity and this percentage varies 
little among the three cases. The changes in the labelling of the proteins 
of the 60S subunits are most noticeable with proteins LI and 15, where 
they are more reactive after phenylalanyl-tENA binding. Protein LIS is 
more reactive upon poly U binding and L18+L19 is less reactive in this 
case. The labelling pattern using 0.2mM NEM is similar to that presented 
in these figures (0.045mM NEM). 
The labelling of individual subunits with NEM is studied to see if 
there are any reactive groups exposed upon dissociation of the 80S 
ribosome. The labelling patterns of the 408 proteins and that of the 60S 
are illustrated in Figures 41 and 42, respectively. This can be compared 
with the results of subunits derived from the labelling of 80S particles 
with NEM (Figures 37 and 38). A few proteins of both the small and large 
subunits are found to be exposed when free subunits are reacted with NEM. 
These are proteins S7, S21, L7, L8, Lll, L20 and L23. The change in L23 
is most drastic going from 1% when the 60S subunit is associated with the 
40S subunit to 16% when it is free. Proteins S2+S3, S32, LI, L10+L14 and 
L36 are less reactive in the free subunits than the intact ribosome with 
the effect on LI being most marked, 26% of the total when the 80S ribosomes 
are derivatized compared with 18% uslug Lhe fïee G03 subunit (Figuras 42 
and 38). The observed changes are probably due to conformational changes 
that occur on dissociation of the ribosome particle. 
Figure 41, Labelling pattern of. the proteins of the free AOS subunits with NEM. 
40S subunits (0.75 iig/ml) were labelled with NEM (0.045mM) and 
analyzed for radioactivity via 2—D gel electrophoresis (Methods) 
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60S SUBUNIT PROTEINS 
Labelling pattern of the proteins of the free 60S subunits with NEM, 60S 
subunits (1.25 mg/ml) were labelled with NEM (0.045mM) and analyzed for 
radioactivity via 2-D (;el electrophoresis (Methods) 
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Discussion 
The polarization of the fluorescence of NPM derivatized ribosomes 
indicates that the substituted groups of the 40S subunit are in a less 
flexible conformation (higher polarization values) than those of the 
60S subunit (Figures 32-35). This observation may be Interpreted to mean 
that the smaller subunit is a more compact structure which is more 
sensitive to its environment with regard to conformational alterations. 
This is seen dearly in the experiments where the polarization of NPM 
substituted 40S particles decreases markedly as the KCl concentration of 
the medium is raised at a given MgCl^ concentration (Figure 34). This 
merely reflects a loosening of the conformation of the 40S subunit towards 
a less compact structure with increasing KCl concentration. The polariza­
tion values for the larger 60S subunit are much less sensitive to changes 
of the ionic composition of the medium. The polarization values for NPM 
derivatized 80S ribosomes are greater when low concentrations of NPM are 
used in the reaction compared with higher concentrations of NPM (Figure 36). 
This indicates that the thiol groups most sensitive to the thiol reagent 
are located in a somewhat rigid environment. These fast reacting groups 
may be contained in hydrophobic "pockets" that are on or near the surface 
of the ribosome. Tlie pulariaa'ciori of theae groups appears lasi; sensitive 
to temperature changes than the more slowly reacting groups, perhaps 
because they have less freedom of rotation. The increase in the polariza­
tion vnlues of the NPM substituted ribosomes upon the binding of poly U and 
phenylalanyl-tRNA (Table 8) indicates an overall "tightening" of the 
ribosomal structure. This observation is in general agreement with the work 
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of Voumakis and Rich (1971) who showed a decrease in the diameter of 80S 
ribosomss when they are attached to mSNA. An alternative explanation to 
the polarization changes in the presence of poly U or phenylalanyl-tRNA 
is that there are conformational alterations upon binding of these molecules 
such that some flexible thiol groups become unreactive causing the relative 
increase in polarization. The increase in polarization may be seen more 
clearly when the ribosome preparation has been enriched in active ribosomes 
(Table 9), indicating the advantage of using ribosomes which are more 
homogeneous at least in terms of activity for such studies. 
A study of ribosomal thiol groups is also interesting from the 
functional point of view in that reaction of some thiol groups causes an 
inhibition of both nonenzymic binding of phenylalanyl-tRNA and poly-
phenylalanine synthesis (Figures 19 and 27). It is obvious from the 
kinetics of the reaction thrit some thiol groups are very reactive. Our 
data show that half-maximal inhibition with both NPM and NEM occurs at 
very low concentrations of the derivatizing reagent indicating that some 
of these more reactive sulfhydryl groups contribute to this inactivation. 
The ribosomal proteins which contain the most significantly reactive thiol 
groups appear to be S2+S3, S5, S18, S29, S32, Ll, L5, L10+L14, L15, L18+L19 
and L38. These proteins contain approximately 60% of the total Km radio­
activity assocated with the ribosomal proteins. This figure is not without 
question owing to the "denaturation" of significant amounts of proteins 
in the electrophoresis process, most of which remains at the origin or in 
the immediate vicinity. The number of reactive thiol groups in each of 
these proteins is difficult to assess. Of the very reactive proteins 
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perhaps the most interesting is S32 (Figure 39). This protein is less 
derivatizsd when phenylalanyl-tMA and poly U are present in the reaction 
mixture. An intriguing possibility is that S32 is at least one of the 
thiol groups which contributes to the inhibition of ribosomal activity 
subsequent to reaction with NPM or NEM and that this is the thiol which is 
protected by phenylalanyl-tRNA with consequent protection of ribosomal 
activity (Figures 30 and 31). However, the inhibition of functional 
activities are due to the modified 60S subunit as shown by the subunit 
interchange experiments (Tables 4 and 5). Due to the structural complexity 
of the ribosome, it is difficult to prove direct participation in functional 
activities by a particular protein using the "protection" method. The 
results of Normura e^ ^ 1. (1969) suggest strongly that most of the pro­
teins in the ribosome can affect or modify the overall ability of the 
ribosome to function. Thus, even with the evidence that phenylalanyl-tRNA 
Call ptôtecu the functional activities, we cannct definitely correlate the 
two protection effects, i.e. retention of activity and lessening of re­
action with NEM of proteins S2+S3 and S32. It is possible that some 
conformational transition is required for binding and the thiol reagent 
reacts with proteins important for this process. Further, proteins Ll and 
L5 actually are more reactive when phenylalanyl-tRNA is bound to the 
ribosomes while S18, S29 and L15 are more reactive when just poly U is 
present in the reaction mixture. The differences in the labelling patterns 
of the ribosomes (Figures 39 and 40) under these different conditions do 
indicate that conformational changes occur under conditions similar to those 
expected during protein synthesis. More complete descriptions of these 
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conformational changes and the participation of the various ribosomal 
proteins in such protein:protein or protein:KNA interactions await the 
elucidation of the overall structure of the ribosome. Perhaps re­
construction of the ribosome with individual NPM labelled proteins and 
study of the fluorescent properties of such ribosomes may provide informa­
tion on this important question. 
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SUMMARY 
Deoxycholate-KCl washed reticulocyte ribosomes are purified by 
affinity chromatography using Sepharose columns to which polyuridylic 
acid has been covalently bound. Upon passage through the column, under 
"H* "f" 
conditions of high Mg :K ratio necessary for the binding of phenyl-
alanyl-tRNA to the ribosomes, approximately 12% of the ribosomes are 
retained. These ribosomes are then eluted with a buffer containing a 
"I» 11 
high K :Mg ratio and are assayed for activity in various steps of the 
elongation process of protein synthesis. The activities of the eluted 
ribosomes are increased 3 fold compared with control ribosomes in terms 
of phenylalanyl-tRNA binding and polyphenylalanine synthesis. 
The reactivity of reticulocyte ribosomes with the fluorescent probe, 
N-(3-pyrene) maleimide (NPM) has been used to study the structural changes 
of the ribosomes consequent to messenger RM or phenylalanyl-tRNA binding. 
TT~ ••t"» MPM "f r* TT H 4 van f" or) 
U jl&Ud. \,^ \J k W ^ W && «TWtoWa.*. #. A *» y ^ — . 
binding of phenylalanyl-tRNA by the ribosomes is almost completely 
inhibited. 42 moles of NPM are reacted per mole of 80S ribosome (125 + 6 
thiol groups total). Prior binding of poly U and phenylalanyl-tRNA to 
the ribosomes protects against this inactivation. Measurement of the 
polarization of the fluorescence of NPM substituted ribosomes indicates 
an overall "tightening" of the ribosomal structure upon binding of 
phenylalanyl-tRNA and poly U or that conformational alterations upon the 
binding of these molecules are such that some flexible thiol groups become 
unreac.tive causing a relative increase in polarization. This increase in 
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polarization may be seen more clearly when the ribosome preparation has 
been enriched in active ribosomes by chromatography on the poly U: 
Sepharose affinity column as described above. 
The most reactive thiol groups of the ribosomes are located in 
proteins S2+S3, S5, S18, S29, S32, LI, L5, L10+L14, L15, L18+L19 and L36. 
Differences in the labelling patterns among the various ribosomal 
proteins indicate that conformational changes do occur when phenylalanyl-
tRNA or poly U bind to the ribosomes. 
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APPENDIX: A NOVEL REACTION OF RETICULOCYTE PEPTIDE-CHAIN 
ELONGATION FACTOR EF-2, WITH GUANOSINE NUCLEOTIDES 
Introduction 
A concensus of opinion on the current understanding of the peptide 
chain elongation phase of protein synthesis is that this process requires 
the hydrolysis of two guanosine triphosphate molecules to guanosine 
diphosphate and inorganic phosphate for the formation of each peptide 
bond (Hardesty et al., 1969; Moldave et al., 1969; Lucas-Lenard and 
Lipmann, 1971). This stoichiometry, GTP: peptide bond, has been 
established by studying partial reactions of the elongation process: 
aminoacyl-tRNA binding to a ribosome: messenger RNA complex and the 
translocation reaction. 
In reticulocytes at approximately physiological magnesium concen­
trations, the binding of aminoacyl-tRNA to ribosomes requires a protein 
fraction, EF-1, GTP, and the appropriate messenger RNA. The existence of 
an EF-1: aminoacyl-tRNA: GTP complex corresponding to that observed in 
prokaryotic systems has not been completely established but may provide 
the substrate for this binding reaction (Hradec, 1972; Skogerson and 
Moldave. 1968). During or subsequent to this binding process, GTP is 
hydrolyzed to GDP and Pi. Aminoacyl-tRNA in the presence of the appropri­
ate messenger RNA may be bound to washed reticulocyte ribosomes non-
enzymically. This process does not require EF-1 or GTP but does require 
a high magnesium: potassium ion ratio (Hardesty e_t , 1969; Arlinghaus 
et fd. , 1964; Heintz e^ al., 1968). 
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The entirety of the translocation step is lesc well understood. 
Most evidence indicates that this process involves; a requirement for 
GTP hydrolysis mediated by the EF-2 protein, the movement of messenger 
RNA codons relative to reactive sites on the ribosome, and a change of 
aminoacyl- or peptidyl-tRNA from one reactive site to another. These 
sites have been termed the donor or peptide site and the acceptor or amino 
acid site (Lucas-Lenard and Lipmann, 1971; Heintz et;^ , 1968). The 
primary definition of these sites still lies in the reactivity of aminoacyl-
tRNA with puromycin. Aminoacyl-tRNA in the donor site reacts to form 
aminoacyl puromycin while that in the acceptor site will not. The actual 
peptide synthesis is mediated by an enzyme, peptidyl transferase, which 
is tightly bound to the larger ribosomal subunit (Lucas-Lenard and 
Lipmann, 1971). 
Our experiments indicate that, at least under certain conditions, 
tne entire runctiou of tae translocase (EF-2) may not be explained by the 
simple model implied above. We describe a system in which the formation 
of phenylalanyl puromycin from phenylalanyl-tRNA bound to washed 
reticulocyte ribosomes programmed with polyuridylic acid is dependent 
upon the EF-2 protein fraction. The reaction requires GTP, however the 
GTP analogue, GDPCP, may significantly substitute for GTP. This peptide 
synthesis with either GTP or GDPCP may reflect a portion of the physio­
logical function of EF-2 and in both cases the reaction is inhibited by 
the antibiotic, neomycin. 
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Results 
The formation of phenylalanyl puromycin from phenylalanyl-tRNA, non-
enzyraically bound to washed reticulocyte ribosomes, is dependent upon the 
EF-2 protein fraction and, apparently, GTP (Table A-1). However, 
significant peptide bond synthesis, as measured by phenylalanyl puromycin 
formation, occurred when GTP was replaced by its "nonhydrolyzable" 
analogue, GDPCP. This peptide bond forming reaction (phenylalanyl 
puromycin) absolutely requires the presence of the EF-2 protein fraction 
(Table A-1; Keintss et al., 1968). 
The concentrations of GTP and GDPCP necessary for phenylalanyl 
puromycin formation are similar (Figures A-1 and A-2). The ultimate 
extent of peptide bond formation, also illustrated in Table A-1, is 
different from GTP and GDPCP. This observation is not due to a difference 
in the rates of reaction comparing GTP with GDPCP as the time courses of 
phenylalanyl puromycin formation using saturating concentrations of either 
guanosine nucleotide are similar. The essential difference is in the 
extent of the peptide bond formation. Figure A-2 is included to indicate 
that the participation of GDPCP in EF-2 dependent phenylalanyl puromycin 
formation is seen using an enzymically formed ribosome; phenylalanyl-tENA 
complex. Both systems are somewhat artificial in that the Initiation 
factors are probably not involved and the optimal magnesium ion concen­
tration is relatively high. However this peptide bond forming system is 
dependent upon EF-2 and must reflect some portion of the activity of this 
peptide elongation factor. 
This activity of EF-2 with the guanosine nucleotides (GTP and GDPCP) 
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Table A-1. The formation of phenylalanyl puromycin from nonenzymically 
bound phenylalanyl-tRNA 
Conditions Phenylalanyl puromycin^ 
(%) 
Complete 70 
Minus puromycin 4 
Minus EF-2 8 
Minus GTP 12 
GDPCP replaces GTP 48 
The results are expressed as the % of nonenzymically bound phenyl-
alanyl-tRNA released in the puromycin assay as described in the Methods 
Section. The quantity of phenylalanyl-tRNA bound was 25-35 pmoles per 
mg of ribosomes. These results represent an average of more than ten 
experiraencs using dilleieuL preparations of ribccczcz, EF-2, 
phenylalanyl-tRNA, GTP and GDPCP. 
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Figure A-"!, The GTP and GDPCP concentration dependence of the phenylalanyl puromycin formation 
from nonenzymically bound phenylalanyl-tRNA. The standard phenylalanyl puromycin 
formation assay was performed as described in the Methods Section and Table A—2 
with the indicated concentrations of GTP and GDPCP. The results are expressed 
as a percentage of the ribosome bound phenylalanyl-tRNA converted to phenylalanyl 
puromycin 
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Figure A-—2. The GTP and GDPCP concent::ation dependence o£ phenylalanyl puromycin formation from 
enzymically bound phenylaj.anyl—tRNA. The standard phenylalanyl puromycin formation 
assay was performed as described in the Methods Section and Table A-2 with the 
indicated concentrations of GTP and GDPCP. The results are expressed as a per­
centage of the rlbosome bound phenylalanyl-tRNA converted to phenylalanyl puromycin 
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Table A-2. Requirements for a three step reaction leading to phenyl-
alanyl puromycin formation^ 
Second incubation Third incubation Phenylalanyl puromycin 
(%) 
Puromycin, GTP, EF-2 None 70 
GTP, EF-2 Puromycin 65 
GDPCP, EF-2 Puromycin 45 
EF-2 Puromycin 10 
EF-2 Puromycin, GTP 12 
^The conditions for the experiment are the same as in Table A-1 
with the condition that the ribosomes were isolated by centrifugation at 
78500 X g for 60 minutes between the second and third incubations. The 
concentration of ribosomes in the second and third incubations was 
approxiiiiaLfcily 0.3 mg/uil. 
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does not require the simultaneous presence of puromycin (Table A-2). 
In this experiment we have first bound phenylalanyl-tRNA to ribosomes 
++ + 
nonenzymically; a process which requires only a relatively high Mg :K 
ratio and the presence of poly U as a messenger RNA. After isolation 
the ribosomes are incubated with EF-2 alone or EF-2 plus either GTP or 
GDPCP and reisolated. These reisolated ribosomes are then incubated with 
only puromycin or puromycin plus GTP. The extent of phenylalanyl puro­
mycin formation with either GTP or GDPCP (second incubation) was similar 
to that seen in the usual two step reaction (Table A-1). EF-2 by itself 
in the second reaction mixture led to very little phenylalanyl puromycin 
synthesis. Therefore such a three step experiment indicates that i" the 
absence of GTP (or GDPCP) EF-2 is not bound to the ribosomes, at least 
not in amounts so as to be effective for phenylalanyl puromycin formation 
in the third incubation. 
Ag rhp rpRiilfB shovm a'noxre were unexpected (Introduction), possible 
artifacts concerning the activity of EF-2 need to be ruled out. The 
concentrations of the commercial preparations of GTP and GDPCP necessary 
for phenylalanyl puromycin formation in this system are similar (Figures 
A-1 and A-2). This result is strong evidence against the GDPCP prepara­
tion being contaminated with significant amounts of GTP. Also the GDPCP 
preparations used will not support hemoglobin synthesis, poiyphenylalanine 
synthesis and are only slightly active in the enzymic binding (EF-1) of 
phenylalanyl-tRNA to the washed reticulocyte ribosomes (unpublished 
results). 
The amount of phenylalanyl-tPvîIA bound enzymically to ribosomes with 
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GDPCP is less than 20% of that found with GTP after isolation of the 
ribosomes by centrifugation. The cellulose nitrate filtration assay 
(Methods) gives a significantly larger amount of phenylalanyl-tRNA binding, 
comparing GDPCP with GTP. Therefore some difference exists between the 
phenylalanyl-tRNA: ribosome complexes formed with these two guanosine 
nucleotides. The complex formed using GDPCP is apparently less stable 
than that formed with GTP and is mostly lost during the relatively long 
centrifugation procedure under the conditions described for these experi­
ments. The observations strongly indicate thaL the activity of GDPCP in 
phenylalanyl puromycin formation is due to the analogue not some con­
tamination by GTP. 
The product formed in this reaction appears to be phenylalanyl 
puromycin (Table A-3). As analyzed by paper chromatography, the product 
is distinct from phenylalanine, puromycin, diphenylalanine, and tri-
phenylalanine. The separation of the product from oligophenylalanyl 
puromycin compounds has not been proven. However, the amount of synthesis 
of such peptides to be expected in our experiments is much too low to 
account for the observed synthesis of phenylalanyl puromycin (Hardesty 
e^ al^., 1969; Arlinghaus e^ al., 1964). For example, Hardesty and his co­
workers (1969) have shown that diphenylalanine formation in similar reaction 
mixtures requires GTP which may not be replaced by GDPCP. Also the 
nucleotides, GDP, GMP, ATP, UTP and CTP, show little or no activity in 
this peptide bond forming reaction. 
Further evidence that phenylalanyl puromycin formation in the described 
system reflects a portion of the peptide chain elongation process on 
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Table A-3. Chromatographic separation of phenylalanyl puromycin from 
oligophenylalanine peptides 
Compound 
Solvent Solvent 
Phenylalanine 0.40 0.04 
Diphenylalanine 0.75 0.40 
Triphenylalanine 0.84 0.50 
Puromycin 0.45 0.68 
Phenylalanyl puromycin 0.75 0.88 
Product after acid hydrolysis 0.42 0.04 
^Paper chromatographic separations of the above compounds were per­
formed using Whatman j/1 paper in two different solvent systems. Solvent 
A contained n-butyl-alcohol: acetic acid; water; 78:5:17. Solvent B 
contained benzene: pyridine: water; 10:10:1. In each case, approximately 
90% of the radioactive product migrated as shown for phenylalanyl 
puromycin. 
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reticulocyte ribosomes Is shown in Table A-4. Neomycin, a strong in­
hibitor of hemoglobin synthesis on reticulocyte polyribosomes, also in­
hibits phenylalanyl puromycin synthesis using either GTP or GDPCP. The 
mechanism of the inhibition by this antibiotic is not completely under­
stood but seems similar in many properties to the inhibition by cyclo-
heximide (Obrig et , 1971), Neomycin does not greatly affect the 
extent of enzymic or nonenzymic binding of aminoacyl-tRNA to the ribosomes 
but does inhibit polyphenylalanine synthesis. 
A summary of the results indicates that under the described conditions 
an aspect of the activity of the EF-2 protein in peptide chain elongation 
requires a guanosine nucleotide but that GTP may be replaced to a signifi­
cant extent by its analogue, GDPCP. 
Discussion 
The EF-2 protein is generally believed (with a large amount of 
supportive evidence) to be the cranslocaBe euzymc in reticulccytco 
(Hardesty et , 1969; Lucas-Lenard and Lipmann, 1971). The transloca­
tion process requires the hydrolysis of GTP to GDP and inorganic phosphate. 
Therefore, the EF-2 dependent formation of phenylalanyl puromycin in the 
above experiments in which the requirement for GTP may be significantly 
replaced by GDPCP (Table A-1) is difficult to explain in light of current 
thoughts about the function of EF-2 (Hardesty et al., 1969; Lucas-Lenard 
and Lipmann, 1971; Skbgerson and Moldave, 1968). For example, EF-2 de­
pendent formation of diphenylalanine on reticulocyte ribosomes required 
GTP which could not be replaced by GDPCP (Hardesty al., 1969). The 
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Table A-4. Inhibition of phenylalanyl puromycin formation by neomycin 
Experiment System Phenylalanyl puromycin 
(%) 
Complete (GTP)^ 80 
Same as 1 except GTP 
replaced by GDPCP 52 
3 Complete plus 0.67mM neomycin 25 
4 Same as 3 except GTP replaced by 
GDPCP 25 
^The standard phenylalanyl puromycin formation assay from non-
enzymically bound phenylalanyl-tRNA. was performed as described in the 
Methods Section and Table A-2 with the following exceptions: in 
experiments 1, 2, 3 and 4, the GTP or GDPCP concentrations were 6.7 uM. 
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extent of diphenylalanine synthesis was only about 20% of the total 
phenylalanyl-tRNA bound to the ribosomes while the extent of phenylalanyl 
puromycin formation in our system is 50-80% of the bound phenylalanyl-
tRNA depending upon whether GTP or GDPCP was used. The difference between 
the two systems may be that in the system utilized by Hardesty's labora­
tory the diphenylalanine product comes from ribosomes carrying phenyl­
alanyl-tRNA in both the donor and acceptor sites while we are primarily 
looking at peptide bond formation via puromycin with only one phenylalanyl-
tRNA per ribosome. Since GûjfCr replacement of GTP results in 40-50% of 
the bound phenylalanyl-tRNA being converted to phenylalanyl puromycin 
one would conclude that approximately half of the bound phenylalanyl-tRNA 
is in the donor site. It should be stressed that essentially all phenyl­
alanyl puromycin formation in this system using either GTP or GDPCP re­
quires EF-2. 
The cbcer-y'sd results indicate that the total function of EF-2 during 
peptide chain elongation has not been adequately described. Perhaps the 
simplest explanation of our results may be that in the binding of phenyl-
alanyl-tRNA to the washed reticulocyte ribosomes in our somewhat artificial 
systems, enzymically or nonenzymically, a significant amount of the phenyl-
alanyl-tRNA is bound to the donor site of the ribosome. However in some 
undefined fashion the EF-2 is necessarily bound to the ribosome in order 
for peptide bond synthesis via peptidy1 transferase to ensue (Baliga and 
Munro, 1972). Such binding of EF-2 to the ribosome would normally require 
GTP or some derivative thereof hut the analogue, GDPCP, may partially 
substitute for GTP in our studies. 
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The binding of EF-2 may be necessary for the proper ribosomal con­
formation for peptide synthesis. Ribosomal conformation has been implied 
to be an important factor of ribosomal activity during protein synthesis. 
Recently evidence supporting such an idea has been reported (Chuang and 
Simpson, 1971; Schreier and Noll, 1971; Sherman, 1972). Also illustrative 
of recent evidence which may aid in bridging the void of physical-
chemical understanding of the peptide synthesis sites on rlbosomes are a 
group of papers which show that the elongation factors, Tu and G, as 
their respective active complexes (Lucas-Lenard and Lipmann, 1971) are 
simultaneously incompatible upon the same prokaryotlc rlbosome (Miller, 
1972; Hamel et , 1972; Sander et al., 1972; Richman and Bodley, 1972; 
Cabrer , 1972; Rlchter, 1972). The understanding of such reactive 
sites on rlbosomes must await further physical and enzymologlcal 
descriptions of the various steps in protein biosynthesis. 
